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Renaissance of elemental phosphorus materials:
properties, synthesis, and applications in
sustainable energy and environment

Haijiang Tian, {2 Jiahong Wang, {2 *°"" Gengchang Lai, 2 °' Yanpeng Dou,""
Jie Gao,?® Zunbin Duan,”” Xiaoxiao Feng,” Qi Wu,*® Xingchen He,"" Linlin Yao,’
Li Zeng,? Yanna Liu, 22 Xiaoxi Yang,® Jing Zhao,?® Shulin Zhuang,

Jianbo Shi, 2% Guangbo Qu,**®" Xue-Feng Yu, (2 *°" paul K. Chu {2 © and
Guibin Jiang®®

The polymorphism of phosphorus-based materials has garnered much research interest, and the
variable chemical bonding structures give rise to a variety of micro and nanostructures. Among the
different types of materials containing phosphorus, elemental phosphorus materials (EPMs) constitute
the foundation for the synthesis of related compounds. EPMs are experiencing a renaissance in the
post-graphene era, thanks to recent advancements in the scaling-down of black phosphorus,
amorphous red phosphorus, violet phosphorus, and fibrous phosphorus and consequently, diverse
classes of low-dimensional sheets, ribbons, and dots of EPMs with intriguing properties have been
produced. The nanostructured EPMs featuring tunable bandgaps, moderate carrier mobility, and
excellent optical absorption have shown great potential in energy conversion, energy storage, and
environmental remediation. It is thus important to have a good understanding of the differences
and interrelationships among diverse EPMs, their intrinsic physical and chemical properties, the synthesis
of specific structures, and the selection of suitable nanostructures of EPMs for particular applications. In
this comprehensive review, we aim to provide an in-depth analysis and discussion of the fundamental
physicochemical properties, synthesis, and applications of EPMs in the areas of energy conversion,
energy storage, and environmental remediation. Our evaluations are based on recent literature on well-
established phosphorus allotropes and theoretical predictions of new EPMs. The objective of this review
is to enhance our comprehension of the characteristics of EPMs, keep abreast of recent advances, and
provide guidance for future research of EPMs in the fields of chemistry and materials science.

1. Introduction
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Phosphorus (P) is one of the elements serving as the foundation for
life on Earth. The Earth’s crust contains around 1200 mg P kg™ %,
ranking it as the eleventh most plentiful element." Phosphorus
plays a significant part in global biogeochemical cycles in con-
junction with other bioactive elements such as carbon (C),
nitrogen (N), and trace metals.> It has direct and indirect
impacts on the rock cycle,* marine biogeochemistry,® biomass
accumulation,” and nutrient availability.*® Phosphorus is also
crucial to numerous technological applications, including optical
engineering and communication,'”"" electronics,”'* biomedi-
cine and drug delivery,”> ™ agriculture and food,'® cosmetics,"”
and textiles,'® and the development of cost-effective phosphorus-
based materials for environmental and energy applications
has been rapid recently.’®" This is because of the ability of
phosphorus to self-bond and form bonds with many metal and

This journal is © The Royal Society of Chemistry 2023
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non-metal elements with different orbital hybridization, thus
resulting in a myriad of physical and chemical properties as well
as structural diversity of phosphorus compounds and molecules.
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Among the diverse materials containing phosphorus, ele-
mental phosphorus materials (EPMs) are the fundamental
materials and origin of many complex products.’>>* The
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polymorphism of EPMs arises from different types of phosphorus
clusters serving as the building blocks. Phosphorus allotropes
such as tetrahedral white phosphorus (white-P), puckered
honeycomb-like black phosphorus (black-P), and polygonal
chain-like red phosphorus (red-P) have distinctive micro and
nanostructures resulting from the diverse covalent bonding
nature and arrangement of phosphorus atoms. Different crystal
structures lead to different physicochemical properties including
the bandgap, optical absorption, electrical conductivity, redox
activity, and material stability. For example, white-P consisting of
tetrahedral P, molecules is the most active allotrope.>® Black-P is
composed of irregular honeycomb interlayers and is the most
thermodynamically stable allotrope.>® Amorphous red-P is the
most versatile phosphorus allotrope. Because of its low cost,
environmental friendliness, availability, and stability, it finds
applications in various fields such as flame retardants,®” energy
harvesting,”*”*® ion storage,”® and pollution sensing.***" During
the synthesis of red-P, Hittorf and Thurn et al. observed the
formation of plate-like and fiber bundles of phosphorus crystals,
namely, violet phosphorus (violet-P) and fibrous phosphorus
(fibrous-P), respectively.’>** In earlier studies, violetP and
fibrous-P were often mentioned as two of the red-P modifications
(type V and type IV).>**> However, violet-P and fibrous-P have
been shown to have several unique properties by unambiguous
structural characterization, and a growing number of researchers
prefer to use the names violet phosphorus and fibrous phos-
phorus instead of type IV or type V red-P.>**” It is recommended
to use the term “red-P” only to describe type I amorphous red-P,
since it is often produced under mild crystallization conditions.
In this review, unless otherwise noted, red-P refers to amorphous
red phosphorus.

EPMs are unusual in the elemental material family because
their allotropes do not exist in nature and must be produced
artificially.*® Each EPM is “made” rather than “found”, and the
target allotrope needs to artfully match the structural motif
assembly with the achievable reaction conditions. They are
witnesses to the development of modern synthetic chemistry.
Before 2010, studies in this field seemed to be dominated by
inorganic chemists or physicists, probably due to the complicated
and risky manufacturing procedures of EPMs. The majority of
research has focused on the improvement of synthetic
approaches and crystal quality of EPMs. For example, Percy
Williams Bridgman, who received the Nobel Prize in Physics in
1946, sought to prepare black-P crystals using high-temperature
or high-pressure approaches,***° and subsequently Akimoto
et al. obtained black-P single crystals with diameters up to 4 x
2 x 0.2 mm®.*! Nilges’ group developed Sn-based mineralizers to
alleviate the harsh conditions for synthesizing high-quality black-
P crystals.”””** Phosphorene, one of the structural analogs of
graphene, was regarded as a purely theoretical material for a very
long time. In 2014, however, black-P was successfully scaled
down to phosphorene by mechanical exfoliation, spurring the
advance of EPM synthetic chemistry to the nanoscale.”>"*®
Synthetic low-dimensional EPMs are a developing class of
intriguing atomic structures with amazing materials properties.
On the heels of a comprehensive understanding of the

5390 | Chem. Soc. Rev,, 2023, 52, 5388-5484

View Article Online

Review Article

physicochemical properties of black-P based materials, researchers
have extended their curiosity to rediscover other EPMs. Amor-
phous red-P, violet-P, and fibrous-P can also be scaled down to
form low-dimensional sheets, ribbons, and dots with exciting
properties.”®*”*® Concurrently, researchers have predicted the
existence of new fancy EPMs such as blue phosphorus (blue-P,
also known as gray phosphorus) and green phosphorus (green-P)
based on ab initio density functional theory (DFT) calculations.***
In 2016, Zhang et al. fabricated blue-P on Au(111),”> and Wang
et al. synthesized greenish phosphorus on carbon substrates in
2021.> A developing trend is the use of computational simulation
to assist the synthesis of EPMs. Since 2018, several research groups
have employed machine learning-based atomic simulations to
predict new EPMs or attempt to answer fundamental structural
questions (for instance, the precise structure of amorphous red-
P).>8 It is expected that more computational simulation systems
will be developed with artificial intelligence for structural analysis
and prediction.

The development of new materials has the potential to
address the challenges faced by humanity today.>® Among the
pressing challenges of the 21st century, energy crisis and environ-
mental pollution are most critical. As the global population con-
tinues to grow, the current energy consumption of 12.8 TW is
projected to more than double to 28-35 TW by 2050 and triple by
2100.%%* This increase in energy demand is limited by the avail-
ability of fossil fuels, which currently account for 77% of energy
consumption and are associated with a 16% rise in anthropogenic
carbon dioxide (CO,) emissions by 2040.”*®* The International
Panel on Climate Change (IPCC) estimates that by 2100, the atmo-
sphere will contain up to 570 ppm of CO,, resulting in an average
global temperature rise of approximately 1.9 °C.***> The conse-
quences of global warming will severely impact agriculture, labor
productivity, human health, and economic development.®*®” To
meet the growing global energy demand, sustainable and inexpen-
sive energy sources must be developed as alternatives to fossil fuels.
Moreover, due to the intermittent nature of renewable energy, cost-
effective and high-performance energy storage devices are
urgently needed for electric vehicles and scalable energy
storage.’® Environmental stewardship is also important in aim-
ing for sensitive sensing and complete removal of pollutants, or
selectively converting pollutants into useable chemicals. Syn-
thetic EPMs have the potential to address both sustainable
energy and environmental remediation challenges. Although
traditional EPMs (white-P, black-P, red-P, violet-P, and fibrous-
P) are not novel materials, the recent progress in synthesizing
high-quality, large-size bulk crystals and various low-dimensional
structures has enabled the rediscovery of many previously
unknown physicochemical properties, including chemical sen-
sing, tunable bandgaps, and anisotropic mobility.***%°%7> At the
same time, theoretical studies have identified several unique
photoelectric properties of new EPMs (blue-P and green-P).”*”>
The implementation of these EPMs will offer innovative oppor-
tunities and new approaches for energy conversion, energy
storage, and environmental remediation.

EPMs are experiencing a renaissance in the post-graphene
era. Researchers have explored various phosphorus allotropes

This journal is © The Royal Society of Chemistry 2023
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and synthesized corresponding nanostructures to date. This
rich variety of materials allows for the construction of a library
of elemental phosphorus materials to facilitate the selection of
specific phosphorus allotropes and corresponding micro/
nanostructures and to address practical needs for particular
applications. Although black-P and red-P have been reviewed in
recent years, there is still a lack of comprehensive understand-
ing regarding the differences and relationships between
numerous EPMs, their intrinsic physical and chemical proper-
ties, synthesis of specific structures, and selection of suitable

View Article Online
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EPMs for specific applications. To fill this gap, we herein
provide a comprehensive review of the physicochemical proper-
ties, synthetic methods, and sustainable applications of EPMs
(white-P, red-P, black-P, fibrous-P, violet-P, blue-P, and green-
P), as illustrated in Fig. 1. The aim of this review is to not only
describe the latest research advancements in black-P, red-P,
and other emerging EPMs, but also summarize the intrinsic
properties of elemental phosphorus by examining the broader
research context of this field, which will guide future materials
design and applications. It is important to note that EPMs are a

Elemental Phosphorus Materials
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Fig. 1 Overview of the properties, synthesis, and sustainable applications of elemental phosphorus materials.
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big family of phosphorus materials that also include theoreti-
cally predicted materials such as phosphorus fullerenes,”®
crimson phosphorus,”” phosphorus nanotubes,”® and others.
However, owing to the challenges associated with chemical
synthesis and their limited practical applications, these materi-
als are not covered in this review.

This review is organized as follows. We start with a concise
overview of the discovery of common phosphorus bulk crystals
and phosphorene. The latest studies on machine learning-
driven stimulations that aid the description and prediction of
EPM structures are described in this part (Section 2). The
structural, electron, and phonon properties of EPMs which
are theoretically and/or experimentally studied are described
in Section 3. The comparisons of building blocks, material
stability, bandgaps, and charge carrier mobility among differ-
ent EPMs are highlighted. Section 4 critically discusses the
synthesis of EPMs and their nanostructures with different
dimensions (0D, 1D, 2D, or 3D). The advantages and disadvan-
tages of different synthetic routes are discussed and character-
ization of the corresponding products is described. In Section
5, recent advancement in EPMs and EPM-derived systems for
energy conversion (photocatalytic/electrocatalytic HER, OER,
CO,RR, and NRR), energy storage (hydrogen storage, LIBs, SIBs,
PIBs, and SCs), and environmental remediation (sensing and
gas/liquid/soil treatment) is summarized. In each area, the
mechanisms, advantages of EPMs, performance comparison
among EPMs, and modification strategies are emphasized. The
conclusions and outlook are finally presented to provide gui-
dance for future research in this burgeoning field.

2. Development of elemental
phosphorus materials

As the fifteenth element in the periodic table, phosphorus
derives its name from the Greek words ‘phds’ and ‘phoros’,
translating literally to “light-bearer”.”® The first isolated form
of the element glows and emits visible light. The origin of
phosphorus is unknown. Some investigations demonstrate that
phosphorous might have been used in the Roman era, but this
record was lost over time.*® However, elemental phosphorus in
its molecular form was only isolated in the 17th century and
afterwards, scientists inaugurated the age of synthetic EPMs.
Between the 17th and 20th centuries, researchers synthe-
sized several elemental phosphorus bulk crystals. Self-styled
doctor Hennig Brand discovered a strange substance (white-P)
from human urine in 1669 and Anton Schrétter von Kristelli
presented red-P before the Vienna Academy of Sciences in 1847.
The first black-P crystals were fabricated at a high pressure by
the Nobel prize winner Percy Williams Bridgman in 1914.%" At
the turn of the 21st century, the rapid development of nano-
synthesis and characterization technology enabled researchers
to expand their interest into low-dimensional materials, and
phosphorene, corresponding to the elemental phosphorus bulk
crystals, was isolated one after another. Concurrently, break-
throughs in computational chemistry have enabled chemists to
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View Article Online

Review Article

discover metastable phosphorus allotropes that can be a potent
supplement to common EPMs in technological applications.®***
Fig. 2 demonstrates the development of phosphorus crystals and
phosphorene, highlighting key milestones such as the discovery
of allotropes and low-dimensional materials. In addition, artifi-
cial intelligence has gained traction in materials science over the
last few years, and atomistic simulations of phosphorus can now
be achieved using machine learning-based algorithms.>*> This
section reviews the discovery of bulk crystals and phosphorene,
renowned scientists, and recent progress in machine learning-
driven stimulations for structural description and prediction
of EPMs.

2.1 History of phosphorus allotropes

EPMs cannot exist in nature alone because of the high chemical
reactivity and must be synthesized chemically. Their synthesis
dates back to the end of the renaissance and physicists and
chemists made great contributions to the discovery of phos-
phorus allotropes (Fig. 3).

White-P is the first known phosphorus allotrope, and its
discovery is intrinsically related to medieval alchemy. In 1669,
Hennig Brand, a German alchemist and a self-styled doctor,
was in search of the mythical Philosopher’s Stone, which was
believed to have the power to turn ordinary metals into
201d.®*®! Brand condensed 50 barrels of urine by heating and
distillation. Surprisingly, he did not get the magical stone with
mutant powers, but did find the pure form of flammable
phosphorous, which gave out a faint green glow in the dark.
After a period of keeping his discovery a secret, Brand revealed
the discovery of white-P in 1675, and his colleague alchemist
Daniel Kraft gained fame and fortune by exhibiting this enig-
matic new light source to European nobles. Later in the 19th
century, chemists developed white-P matches,®® but these
matches were extremely reactive to fire and generated noxious
fumes. Due to its pyrophoric properties, white-P was subse-
quently used as a bombing agent during World War II, causing
severe harm to human health, and its usage became obsolete
after the war. White-P is now mostly used as an industrial
intermediate for the production of phosphorus-containing com-
pounds such as herbicides, fertilizers, and food additives.®®

Red-P is the second known phosphorus allotrope, and Anton
Schrotter von Kristelli is the acknowledged discoverer of this
allotrope, even before other scientists had this substance in
their hands.®” In 1844, chemist Berzelius reported that when
white-P is exposed to sunshine, it could be transformed into a
red modification that would not spontaneously oxidize or
ignite. However, many chemists recognized this red modifica-
tion as phosphorus oxide. This controversy was settled by
Schroétter’s work. He presented his findings to the Vienna
Academy of Sciences on December 9, 1847. He discovered that
white-P could be converted to red-P by exposure to sunlight,
even in the absence of moisture and atmospheric oxygen. The
red substance was isolated by treating the residual white-P with
carbon disulfide. It could also be produced from white-P by
heating it to ~250 °C in an inert atmosphere. Heating to a
higher temperature would reconvert red-P back to white-P.

This journal is © The Royal Society of Chemistry 2023
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The Developmental Milestones of Elemental Phosphorus Materials
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Discovery of Classical Phsophorus Allotropes:
White Phosphorus by Hennig Brand in 1669

Red Phosphorus by Anton von Schrétter in 1847

Violet Phosphorus by Johann Wilhelm Hittorf in 1865
Black Phosphorus by Percy Williams Bridgman in 1914
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Fig. 2 Timeline of the developmental milestones of elemental phosphorus materials (bulk crystals and phosphorene). Inset images are reproduced from
the following sources: fibrous phosphorus structural determination, reproduced with permission from ref. 88. Copyright 2005 John Wiley and Sons.
Black phosphorene synthesis, reproduced with permission from ref. 45. Copyright 2014 Nature Publishing Group. Blue phosphorus prediction,
reproduced with permission from ref. 49. Copyright 2014 American Physical Society. Blue phosphorus synthesis, reproduced with permission from
ref. 52. Copyright 2016 American Chemical Society. Green phosphorus prediction, reproduced with permission from ref. 50. Copyright 2017 American
Chemical Society. Violet phosphorene synthesis, reproduced with permission from ref. 48. Copyright 2020 John Wiley and Sons. Fibrous phosphorus
nanoribbon synthesis, reproduced with permission from ref. 47. Copyright 2020 John Wiley and Sons. Greenish phosphorus synthesis, reproduced with

permission from ref. 53. Copyright 2021 Royal Society of Chemistry.

Schrétter emphasized the potential of this allotrope in the
match industry. This was confirmed by the creation of safe
Swedish matches made of red-P, which only ignited upon
friction with a rough surface and did not generate harmful
fumes like white-P matches.*>®” Red-P (amorphous form) is
now a widely used industrial allotrope along with white-P. Its
commercial chemical, with a purity of around 90%, sells for
USD 2-10 per kilogram in the Chinese market.”” In addition,
research on the atomic structure of amorphous red-P has
advanced over the decades, and this part will be discussed later.

Violet-P, also known as Hittorf’s phosphorus (or a-metallic
phosphorus), is the third known allotrope of phosphorus that can be
produced by annealing white-P/red-P above 500 °C. This phosphorus
form was first observed in 1865 by Johann Wilhelm Hittorf, who
noted that recrystallizing phosphorus from molten lead resulted in
red-to-violet colored platelets.*® Furthering this discovery, Thurn and
Krebs synthesized violet-P and identified its structure in 1969.*

In the same year, Thurn and Krebs also made an intriguing
observation of formations resembling capillary fibers beside
plate-like violet-P crystals in the reaction kettle.*® These fibrous
formations, later referred to as fibrous phosphorus (fibrous-P),
appeared to possess a structure that was similar yet distinct

This journal is © The Royal Society of Chemistry 2023

from violet-P. Based on X-ray rotation images of the fibers, they
proposed the layout of tubes of the same sort as in violet-P but
bound to double tubes in parallel. Ruck and colleagues vali-
dated the presumed structure of fibrous-P using single-crystal
XRD and TEM in 2005.%

The discovery of black-P can be traced back to 1914, when
American physicist Percy Williams Bridgeman attempted to
convert commercial white-P into red-P by applying high hydro-
static pressure at a temperature below the transition point that
occurs with an appreciable velocity at atmospheric pressure.*®
The density of the obtained black-P was 2.691 kg m ™, which
was greater than those of white-P (1.83 kg m %) and red-P (2.05-
2.34 kg m %) at ambient temperature. Percy Williams Bridgman
won the 1946 Nobel Prize in Physics for his pioneering work on
the physics of high pressures.®® He subsequently made several
improvements to the reaction conditions for the synthesis of
black-P. For example, he developed a room-temperature
method for converting red-P into black-P crystals, although
extremely high pressure (8.0 GPa) was required in the process.*®
Today, black-P has become a promising elemental material and
plays an important role in materials science, chemistry, con-
densation physics, engineering, and biomedical applications.

Chem. Soc. Rev, 2023, 52, 5388-5484 | 5393
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Renowned Scientists for Phosphorus Allotrope Discovery ¢

| 1669 1847 1865 1914 1969 |
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\\) White-P Red-P Violet-P Black-P Fibrous-P (/

Hennig Brand Anton Schrétter von Kristelli

©- =

Johann Wilhelm Hittorf

Percy Williams Bridgman H. Thurn and H. Krebs

Fig. 3 Timeline of the discovery of white phosphorus, red phosphorus, violet phosphorus, black phosphorus, and fibrous phosphorus bulk crystals as
well as renowned scientists. Painting of Hennig Brand taken from “The Alchymist, In Search of the Philosopher’s Stone” by Joseph Wright of Derby.
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International Union of Crystallography.

2.2 Emergence of phosphorene

In the 1960s, the interest in superconductivity brought attention
to phosphorus-rich phase diagrams.”® However, because of the
narrow bandgaps and harsh synthetic conditions of crystalline
phosphorus, the research on EPMs remained lukewarm for a
long time. Black phosphorus, for example, was mentioned in only
about 150 research publications before 2014. Since the successful
exfoliation of graphene layers using Scotch tape, scientists have
turned to other elemental crystals that can be layered through
van der Waals (vdW) forces, and the fabrication of atomic-layered
elemental nanomaterials has gained popularity.” For this rea-
son, research interests in EPMs, particularly black-P, have been
reignited.

In 2014, atomic-layered black-P was synthesized for the first
time, and this breakthrough launched a new section in research
on what came to be known as phosphorene.**® Liu and collea-
gues referred to single- or few-layered black-P as “phosphorene”
with the suffix “-ene,” emphasizing its structural similarity to
graphene.*® However, the designation of single- or few-layered
black-P is still a subject of debate. As Favron and co-workers have
pointed out,”” the term phosphorene does not correlate with the

5394 | Chem. Soc. Rev., 2023, 52, 5388-5484

IUPAC nomenclature since the suffix ‘“-ene” is allotted to systems
having sp® hybridized orbitals. They suggested renaming a single
layer of black-P as 2D-phosphane to ensure consistency with
other sp*-hybridized monolayers such as graphane and germa-
nane. Gusmio et al.,”* on the other hand, argued that the term
phosphane should be reserved for saturated phosphorus
hydrides with the general formula P,H,,.,, and is inappropriate
for designating the black-P monolayer. They preferred the term
“black-P single sheet” to directly designate single-layered black-P.
However, the term phosphorene has surfaced in an increasing
number of publications in the past few years, and the majority of
academics have embraced this designation. Nowadays, the term
phosphorene encompasses not only black phosphorene, but also
blue phosphorene, violet phosphorene, fibrous phosphorene,
and other atomic-layer allotropes of the phosphorus family.”*
The discovery of phosphorene in silico was encouraged by
the development of structural prediction algorithms. Zhu et al.
first proposed an in-plane hexagonal structure termed blue
phosphorus (blue-P) in 2014,*° and this new phase is almost as
stable as black phosphorene. In the side view, blue phosphor-
ene displays less puckered zigzag ridges, in contrast to the

This journal is © The Royal Society of Chemistry 2023
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armchair ridges of the black counterpart. The structural shift
from the black to blue counterpart can be viewed as flipping
every fourth row of phosphorus atoms, transforming all arm-
chair ridges into zigzag ridges.**”° In 2016, Zhang et al
reported the growth of atomic-layered blue-P on Au(111),>?
and its fabrication encouraged other metastable phosphorene
discoveries. One year later, Han et al. predicted the presence of
green phosphorene (A-P) combining both armchair and zigzag
ridges, indicating that its structure is a hybrid of black and blue
phosphorene.”® The structural shift from the black to green
counterpart can be viewed as flipping every twelfth row of
phosphorus atoms following the dislocation of every fourth
row.”® Other materials with honeycomb-like structures such as
v-P and &-P, have also been predicted based on ab initio DFT
calculations, and both of them are semiconductors.”® While
these theoretical transformations provide valuable insights into
the exploration of potential phosphorus allotropes, it is impor-
tant to note that the actual synthesis process is often more
complex. The transformation from one phosphorus allotrope to
another in practice requires precise control over reaction con-
ditions, highlighting the necessity to understand the phos-
phorus phase diagram in detail.

Apart from the honeycomb lattice structures, Wu et al
presented four distinct structural phosphorenes, named &-P,
{-P, n-P, and 6-P, and these allotropes are dynamically stable
based on phonon-spectrum calculations.’® Each building block
unit in &P and {-P comprises two P, squares which, when
viewed from the side, resembles the armchair and zigzag ridges
found in black and blue phosphorene, respectively. For n-P and
0-P, each unit is composed of two Ps units oriented in opposing
directions, and pentagonal blocks are arranged in a chain along a
certain direction, forming a monolayer. Each pentagonal block
contains four intrachain bonds and one interchain bond.’’
Among the four phosphorene allotropes mentioned, 6-P has been
proven to be energetically close to black phosphorene with a
relative energy disparity of less than 0.01 eV per atom, suggesting
its theoretically stable nature. In principle, new kinds of phos-
phorene can be created by reorganizing different unit blocks,
which can considerably expand the family of atomic-layer EPMs.
It is envisaged that other types of phosphorene with hybridized
building blocks will be predicted and eventually synthesized.

2.3 Machine learning for prediction of phosphorus materials

Classical phosphorus allotropes such as black, red, and white
phosphorus were discovered directly by chemical synthesis,
normally relying on chemists’ extraordinary intuition and
wealth of experience. However, direct synthesis can be difficult
to accomplish when we attempt to predict crystal structures
that go beyond chemical intuition. At this point, DFT-based
computational chemistry techniques come in handy, enabling
us to effectively predict complex structures (e.g., &-P, {-P, n-P,
and 0-P).”> Of note, quantum-mechanical DFT computations
entail solving the Schrédinger equations for the electronic
structures of molecules and periodic systems, limiting them
to systems with small unit cells and high symmetry.”*°*°”
However, for sophisticated systems with numerous atoms per
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cell and low symmetry (e.g., violet-P and fibrous-P), DFT-based
calculations become prohibitively costly and time-consuming.

To circumvent this issue, application of machine learning
(ML) in atomic-scale simulations and predictions is emerging.
By “learning”” small structures commonly generated from DFT
results, ML-based force field method achieves high accuracy
but are orders of magnitude faster.”””°° ML modeling differs
from empirically fitted force fields in that it does not make any
assumptions about the interatomic potential and instead gath-
ers all information from a large reference database. Building an
appropriate reference database is vital for ML-based force field
training, which should include enough atomic configurations
while having a manageable number of entries. Following that,
an appropriate mathematical representation of the atomic struc-
ture is required as input for the ML algorithm and ultimately, ML
methodology involves regression or ‘learning” for materials
simulations.”” In 2020, Deringer et al. achieved notable success
in building a reference database for phosphorus and using it to
develop an ML-based Gaussian approximation potential (GAP)
model that accurately depicts various bulk crystalline allotropes,
liquid structures, and nanostructured phases of phosphorus
(Fig. 4).>® This GAP can even be utilized to explore the local
structure of amorphous phosphorus’s and how it changes under
pressure.”® In 2022, Koneru et al. presented a multi-reward
reinforcement learning algorithm for training flexible and high-
fidelity bond-order potential models for 2D phosphorene.”” The
resulting ML-based model accurately portrays various properties
of diverse phosphorene polymorphs such as the structure, ener-
getics, transformation barriers, equation of state, elastic con-
stants, and phonon dispersions.®” This work paves a way for the
dynamic simulation of low-dimensional EPMs on a mesoscale,
leading to faster design and discovery.

Atomic-level simulations offer significant advantages in
studying materials with complex structures. ML-based force
field method is rapidly emerging as a powerful tool in materials

[0 GAP-RSS structures
[ Liquid structures

[ 2D structures

[ Crystat-like

Molecular liquid
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bilayers
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Fig. 4 GAP (Gaussian approximation potential) fitting database designed
for elemental phosphorus. Reproduced with permission from ref. 55.
Copyright 2020 Nature Publishing Group.
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modeling, capable of solving a wide range of materials science
challenges. However, ML modeling for phosphorus-based materials
is still in its infancy, and the academic community must solve
several algorithmic and adaptability issues. For instance, ML-based
force fields that are trained to be very accurate for a certain set of
configurations will not be highly accurate elsewhere.” Thus, a
reference database with representative configurations is needed to
balance simulation accuracy and versatility. In addition, balancing
precision and speed in describing the diverse and complex struc-
tures of phosphorus-based materials is crucial. We expect that in the
future, ML-based force field method will tackle key issues in
phosphorus materials science, and data-driven structure searching
will reveal more structural allotropes of phosphorus.

In summary, this section has delved into the development of
EPMs, tracing the discovery of classic allotropes to the emer-
gence of phosphorene and the use of machine learning in this
field. As we forge ahead, future work should leverage a multi-
disciplinary approach to discover new phosphorus allotropes,
further investigate the properties of newly predicted phosphor-
ene allotropes, and advance the use of machine learning
models for predicting and simulating these materials. This
integrated approach could open new frontiers in EPM research.
Importantly, it is crucial to note that every claim of a newly
discovered phosphorus allotrope must be substantiated by
solid crystallographic data from free-standing samples, such
as single-crystal X-ray diffraction, single-crystal neutron diffrac-
tion, and electron diffraction.

3. Fundamental physicochemical
properties of elemental phosphorus
materials

The characteristics of materials such as electronic, optical, and
mechanical properties are not solely determined by the
chemical composition but are also significantly influenced by
allotropes, which refer to the arrangement of atoms within the
lattice structure. EPMs that possess different crystal lattices
have been investigated and demonstrated to exhibit fascinating
properties, such as structural polymorphism, moderate carrier
mobility, adjustable bandgaps, as well as in-plane anisotropic
electronic and phonon properties. These properties are both
structure-dependent and versatile, favoring potential applica-
tions of EPMs. In this section, we analyze these properties which
have been theoretically and/or experimentally studied (Fig. 5). In
particular, there are commonalities and differences among
various EPMs and the comparisons of building blocks, materi-
als stability, bandgaps, and charge carrier mobility of EPMs are
highlighted. In addition, we briefly introduce the passivation
techniques for improving the materials stability by, for example,
doping, encapsulation, and surface functionalization.

3.1 Atomic structure

Many intriguing properties of EPMs are intimately related to
the geometric configuration of phosphorus atoms. As shown in
Fig. 6, EPMs possess different building blocks that can be
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divided into three categories: (1) white-P containing tetrahedral
P, cages; (2) black-P and its derivatives with a puckered
honeycomb structure; and (3) red-P allotropic modifications
composed of chain-like and polygonal connected rings. In the
following parts, we will discuss these categories in greater
detail, providing insights into their unique geometries and
the consequent impacts on the properties of EPMs.

3.1.1 Tetrahedral P,. White-P has a cubic structure
composed of 58 tetrahedral P, units per cell and is formed by
condensation of P, vapor.'°’ The bonds within the P, units are
covalent, while the interactions between tetrahedra are the
weaker vdW forces. The P-P bond length in the P, tetrahedron
has been the subject of debate, with quantum mechanical
calculations indicating it to be 2.194 A, but the results obtained
from Raman scattering (2.2228(5) A) and electron diffraction
(2.21 A at 470 K) differ.'**%* White-P exists in three crystalline
phases (o-, B-, and y-form) at different temperatures and
pressures.'>'% The o-form is a plastic crystal that exists at
ambient temperature. The reversible transition from the a-form
to B-form occurs at a temperature below 196 K or a pressure of
over 1.0 GPa. B-Form crystallizes in the space group Pi with
three molecules in the asymmetric unit with a P-P bond length
of 2.209(5) A. When the o-form is cooled to 88 K, it transitions
to the y-form. The y-form transitions to the pB-form at 153 K,
while the B-form to y-form transition is uncommon. White-P
displays the highest chemical reactivity among all known
phosphorus allotropes due to its atomic structure. The four
phosphorus atoms form a tetrahedral shape with six bonds,
yielding three bonds connecting each atom to neighboring
atoms. These bonds derived from non-hybridized 3p orbitals
typically form at a 90-degree angle; however, because of the
pyramidal geometry of white-P, the bonds are bent rendering
the structure of white-P unstable.'®”'°® In addition, each atom
holds a lone pair of electrons thereby making it capable of
undergoing strong redox reactions with other chemicals.

3.1.2 Puckered honeycomb. Black-P and its derivatives
(blue-P and green-P) have a puckered layer structure and the
P, units in these allotropes should be opened to form sp?
hybrid bonds. The phosphorus atoms are covalently bonded
with adjacent atoms to form continuous layers that are held
together by vdW forces. Each atom forms three hybrid bonds in
the layer leaving a lone pair of electrons that protrude from the
layer at an angle different from the bonding angle, resulting in
the formation of a puckered structure.

Bulk black-P exists in three crystalline phases, orthorhom-
bic, simple cubic, and rhombohedral, and the most intriguing
is the semiconducting orthorhombic phase belonging to the
space group Cmca(64) with eight phosphorus atoms per cell.**
Orthorhombic black-P can change its structure reversibly at a
high pressure morphing into the denser rhombohedral or
simple cubic forms."'® However, these two forms are unstable
under normal conditions and are not suitable for use in
practice. In this review, unless specified, black-P refers to the
orthorhombic phase which is the focus of most research. The
lattice constants a, b, and c¢ of black-P crystals, determined by
time-of-flight neutron powder diffractometry by Cartz et al., are

This journal is © The Royal Society of Chemistry 2023
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4.374(2), 3.3133(9), and 10.473(5) A, respectively.'’* Owing to
orbital hybridization, black-P has a nonplanar bilayer structure
with two different bond angles (« = 96.34° and f = 103.09°). From
the side view, there are two types of P-P bonds, a short bond
(2.224 A) and a long bond (2.244 A) connecting two close atoms in
different sublayers."’> This results in anisotropy between the
zigzag (y) and armchair (x) directions and the crystalline sym-
metry of single-layered black-P is two-fold rotational (D,;,), which
is far less than the six-fold rotational (Dg},) symmetry observed in
single-layered graphene, which has a flat hexagonal lattice.”* The
reduction in crystalline symmetry is fundamental to the various
chemical and physical properties. For instance, the band struc-
ture of black-P exhibits anisotropy irrespective of the thickness,
giving rise to in-plane anisotropic properties in charge transport,
thermal conductivity, and optics."”*"'* The interlayers are held
together by vdW forces with a layer spacing of 3.214-3.729 A,'**
depending on different stacking orders. The relatively weak vdW
forces make black-P suitable for exfoliation to prepare phosphor-
ene and allow for property turnability.

The atomic structure of the blue-P monolayer, as discussed
in Section 2, can be viewed as the flipping of specific atoms,

This journal is © The Royal Society of Chemistry 2023

transforming the armchair ridges into zigzag ridges in the
black-P monolayer without altering the local bond angles. This
leads to a non-planar but isotropic structure for single-layered
blue-P, a significant difference from the anisotropic structure of
its black counterpart. Zhu et al. noted the possibility of a new
phosphorus phase resulting from a certain dislocation of black-P
and conducted ab initio calculations to investigate the basic
properties of the allotrope.*® They dubbed this new allotrope
blue phosphorus (blue-P) with the color defined by its funda-
mental bandgap. Blue-P atoms are covalently bonded in the layer
with a bond length of 2.27 A, and a weak interlayer interaction
of 6 meV per atom keeps the layered structure intact with an
interlayer distance of 5.63 A.*’ The optimized blue-P monolayer
has a hexagonal unit cell with lattice vectors of |d| = |b| = 3.33 A.
The interlayer interaction shows little effects on the in-layer
structure, causing only a slight shift in the lattice vector from
3.324 A in bulk to 3.326 A in the monolayer. The free-standing
bulk crystals of blue-P do not exist, although single-layered blue-P
has been reported to grow on several noble metals.>”

Green-P is a metastable EPM that combines features of
armchair-ridged black-P and zigzag-ridged blue-P. Han et al.
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were the first to report the structural and electronic properties
in silico.>® Bulk green-P has a monoclinic C2/m structure with
six atoms per unit cell and in-plane lattice constants of a = b =
7.13 A. Green-P exhibits the greatest layer thickness (2.91 A)
among the three allotropes due to the presence of three slightly
curved sublayers in each layer, compared to 2.11 A for black
phosphorene and 1.24 A for blue phosphorene. All the atoms in
green-P are three-fold bonded with in-plane lengths of 2.23 A
and out-of-plane bond lengths of 2.26 A. The AB stacking order
is energetically preferred and the interlayer distance is 2.16 A.
Although green-P has a shorter interlayer distance than black-P
and blue-P, the interaction between green-P layers at 74 meV
per atom is similar to that of Black-P (79 meV per atom),
indicating its potential for mechanical exfoliation. Moreover,
the buckled structure of green phosphorene aligns well with
corrugated Au and Ag substrates, suggesting that epitaxial
growth is favored with this allotrope.>®

3.1.3 Polygonal chains. Unlike the EPMs mentioned above,
the structure of red-P crystalline phases is challenging to

5398 | Chem. Soc. Rev, 2023, 52, 5388-5484

characterize due to its polymorphism, resulting in various
proposed molecular geometries including amorphous and
fibrous structures.'*® X-ray diffraction and Raman scattering
have revealed that red-P is a mid-range order semiconductor
made up of multiple subunits forming a chain-like network.""”
The subunits exist in various configurations, and the particular
crystallographic phase of red-P depends on synthesis condi-
tions as well as terminal group and chain length variations.
Roth et al. have suggested a numbering system, labelling the
different red-P modifications as type I to V, based on the
thermal stability.>*

The structure of type I amorphous red-P has been the
subject of debate and two main models are currently being
considered.*® Model 1 postulates that it consists of chain-like
pentagonal nanotubes resembling monoclinic violet-P,'*®*'?
while model 2 proposes a layered structure similar to that of
orthorhombic black-P."?°"*> Model 2, which explains the
alterations in the intermediate-range order in phosphorus
layers based on growth factors,’*® has been widely adopted

This journal is © The Royal Society of Chemistry 2023
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and accepted by many studies. However, several structural
studies using Raman spectroscopy and XPS have found evidence
of the presence of pentagonal tubes in the microstructure of
amorphous red-P,'°*'® suggesting that model 1 may also play
a role.

In recent years, innovative methodologies have been employed
to determine the microstructure of amorphous red-P. Zhang
et al*® discussed the four possible linear molecular structures
of amorphous red-P that were previously proposed by chemists
(Fig. 7a). These included the double triangle P, (1) proposed by
Pauling and Simonetta in 1952,'%° the zigzag ladder P, (2)
proposed by Salzmann et al,"”™* as well as [P8]JP2[ (3) and
[P10]P2[ (4) suggested by Hiser and colleagues.’**'*® Through
their single-molecule studies, they discovered that amorphous
red-P is a straight-chain inorganic polymer with a zigzag ladder
structure, which aligns more closely with structure (2). However,
Deringer et al. adopted ML-based simulations to visualize the
local structure and pressure-induced changes in amorphous
red-P at the atomic scale.>® They inferred that amorphous red-
P is an open network of covalently connected phosphorus
clusters. They analyzed the types and counts of cluster frag-
ments, finding that Ps rings, P2[P3]P2 and P3]P2[P3 clusters,
and P;, cages are the dominant building units, whereas P; rings

Pg P2[P3]P2 Py P3]P2[P3 Py
Cluster fragments

Intensity (a.u.)

2 Theta (Degree)

AQQCL

AN VANAAN
WW‘
ao-v-'b ~) [}' % \P

Fig. 7 Structure and characterization of type | amorphous red-P, type Il
crystalline red-P, and violet-Py;. (a) Possible linear molecular structures of
amorphous red-P. Reproduced with permission from ref. 123. Copyright
2019 John Wiley and Sons. (b) Counts of relevant cluster fragments in the
simulated model. Reproduced with permission from ref. 58. Copyright
2021 John Wiley and Sons. (c) SEM image of type Il crystalline red-P. (d)
SAED pattern of type Il crystalline red-P with interplanar spacings. (e) XRD
peaks marked with the same colour as spots in (d) represent a set of
corresponding lattice planes with primary and secondary diffraction peaks.
Reproduced with permission from ref. 129. Copyright 2021 Royal Society
of Chemistry. (f) Crystal structure of violet-P;; viewed along two directions.
Reproduced with permission from ref. 136. Copyright 2023 American
Chemical Society.
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and P, tetrahedra are much less abundant (Fig. 7b). The precise
molecular structure of amorphous red-P still awaits verification
through further computational and experimental investigation.

Roth et al.>* were the first to observe type II and III crystal-
line red-P using differential thermal analysis. In 1966, Ruben-
stein and Ryan'®’ verified the presence of type II crystalline
red-P by annealing in an inert atmosphere and matching the
powder XRD patterns with Roth’s findings. Nechaeva et al.'*®
later produced type II crystalline red-P by chemical vapor
deposition and identified the monoclinic structure with specific
lattice parameters. Recently, Yan and colleagues have produced
type II red-P crystals with a platelet morphology using a solution
phase synthesis method (Fig. 7¢)."*® The high crystallinity of the
product is evident from the XRD results, with the most intense
peak at 15.66° and a plane spacing of 5.66 A, which is in close
agreement with the results obtained by Roth and colleagues in
1947.>4'*° The nearly hexagonal symmetrical SAED pattern of
the crystal suggests a monoclinic crystal system, and the plane
spacing is consistent with the XRD pattern (Fig. 7d and e).
However, so far, limited structural information is available for
type III crystalline red-P. It is imperative to develop reliable
methods for synthesizing type III crystalline red-P to facilitate
the analysis of its crystal structure.

The structures of two other types of crystalline red-P have
been studied.>**® Type IV fibrous-P and type V violet-P have
been confirmed to consist of repeating polymeric tubes with a
pentagonal segment arranged in a regular pattern of [P9]P2
[P8]P2[. The key difference between fibrous-P and violet-P lies
in the manner the double tubes are connected. Violet-P consists
of two interpenetrating tube systems that run perpendicular to
each other, forming double stacks held together by vdW forces
in the ¢ direction. The double tubes in fibrous-P, on the other
hand, are parallel and held together by vdW forces in both the a
and ¢ directions, making it a member of the unique 1D vdW
crystal family with distinct bonding behavior and anisotropic
physical properties.*® The structural parameters of violet-P and
fibrous-P are available. By using single-crystal XRD, Zhang
et al.*® have determined the lattice constants of violet-P crystals
to be 9.210, 9.128, and 21.893 A for the parameters a, b, and c,
respectively. Meanwhile, Du et al.*® have used XRD to show that
the lattice constants of fibrous-P crystals are 12.198, 12.986, and
7.075 A for a, b, and c, respectively, which are consistent with
theoretical simulation results. Although both fibrous-P and
violet-P have similar plate-like shape and color, they can be
differentiated through mechanical stress tests, in which fibrous-
P crystals break down into thin filaments, while violet-P crystals
shatter into smaller platelets.®® Furthermore, high-resolution
TEM shows distinct morphological differences between the two
crystalline phases.

Bulk crystals of violet-P can be peeled into few- or single-
layered violet phosphorene by applying external forces. DFT
calculation has been used to compute the binding energy per
layer needed for complete exfoliation of the bulk crystal into
monolayers. The binding energy of violet phosphorene is
0.35 ] m~ >, which is comparable to that of graphene (0.34 ] m?)
but lower than that of black phosphorene (0.40 ] m?) or blue
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phosphorene (0.42 ] m~?)."*° This indicates that exfoliating violet
phosphorene is easier than other types of phosphorene. In 2020,
violet phosphorene was synthesized and characterized as a 2D
nanobelt composed of tubular strands with an interlayer spacing
of 11 A in AB stacking.”® Regarding fibrous phosphorene, Hu and
Guo have confirmed that fibrous-P bulk crystals have a layered
structure along the (001) direction and can be exfoliated
experimentally.”*" Each layer consists of four [P9]P2 [P8]P2[ poly-
tubes with 84 phosphorus atoms held together by vdW interactions.
The average interlayer distances along the (001) and (200) facets are
5.83 A and 5.57 A, respectively. The binding energy for fibrous
phosphorene, calculated to be 0.88 ] m™>,"* is at least two times
greater than that of violet phosphorene, making exfoliation of
fibrous-P more challenging. However, fibrous phosphorene is held
together by vdW interactions in two directions (a and c¢) similar to
selenene and tellurene**™** and can be fabricated by epitaxy or
other methods.

Very recently, Cicirello and colleagues synthesized a new
two-dimensional allotrope of violet phosphorus, dubbed violet-
P, 1, using a salt flux method in the presence of bismuth."*® The
crystal structure of this allotrope from different views is shown
in Fig. 7f. The structure of violet-Py, is similar to that of violet-P.
However, violet-P;; possesses a higher structural symmetry
compared to that of violet-P. The asymmetric unit of violet-
P,, is entirely occupied by 11 distinct phosphorus atoms, while
that of violet-P comprises 21 different phosphorus atoms.
Single-crystal XRD has revealed that violet-P;; crystallizes in
the monoclinic space group €2/¢(15), with unit cell parameters
of 9.166(6), 9.121(6), and 21.803(14) A for a, b, and ¢,
respectively.'*® Violet-Py; exhibits substantial stability in ambi-
ent air even after being exfoliated for at least an hour.

3.2 Electronic properties

Understanding the electronic properties of a material is pivotal
for unraveling the mechanisms underlying its applications in
catalysis, ion storage, sensing, and environmental remediation.
In the following parts, we will discuss the differences and
interrelationships in the band structure and charge mobility
among different EPMs.

3.2.1 Band structure. The bandgap of materials affects the
effectiveness in photo-/electrocatalysis and ion storage. White-P
exhibits an insulating nature making it unsuitable for these
applications.'®>"?”'3® The electronic properties of white-P are
associated with the electronic arrangement of a P, molecule,
which possesses a HOMO-LUMO bandgap of 3.9 eV,"'® making it
susceptible to activation by many nucleophiles and electrophiles.
Other EPMs have demonstrated the characteristics of semicon-
ductors with moderate and adjustable bandgaps. Among the five
crystalline allotropes (black, green, blue, fibrous, and violet),
black-P and green-P bulk crystals have direct bandgaps of
0.3 and 0.68 eV, respectively.””'** The bandgaps in their mono-
layer forms were determined to be 2.0 and 2.42 eV, respectively.
Tran et al'®® have demonstrated different methods for the
bandgap evolution of black-P, as depicted in Fig. 8a. The direct
gap in bulk black-P is located at the Z point, while in bulk
green-P, it is located at the L point. As the layer decreases, both
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gaps shift to the I' point of the Brillouin zone. Liang et al
determined the bandgap of the black-P monolayer to be 2.05 eV
by scanning tunneling spectroscopy in an ultrahigh vacuum
(Fig. 8b),"*® which is very close to theoretical calculations. The
research on the electronic properties of green-P is still in the
theoretical stage, and its bandgap has been calculated using
quasiparticle approximation, which is one of the most reliable
first-principles electrical structure approaches for bandgap
determination.""> Both black-P and green-P are layer-independent
direct semiconductors that provide advantages in optoelectronic
applications such as higher solar energy conversion efficiency
without the need for phonons or other elementary excitations.'*!
Furthermore, the bandgap of black and green phosphorene is
substantially larger than that of the bulk structure, allowing for
wider bandgap tuning. Nonetheless, precise experimental control
of the number of layers remains a challenge.

Fibrous-P and atomically layered blue-P have indirect band-
gaps. Du et al. have plotted the electronic band structures of
bulk fibrous-P and shown an indirect bandgap of approxi-
mately 1.57 eV (Fig. 8c).*® The conduction band minimum
(CBM) and valence band maximum (VBM) can be found around
the L and I'/Y points of the Brillouin zone, respectively. To
correct for the underestimated value, they applied the modified
Becke-Johnson functional, resulting in an indirect bandgap
range of ~1.80 to 2.11 eV. The 3D mapping of the Fermi
surface reveals weak dispersion in the valence band (Fig. 8d),
which is caused by electron confinement in one dimension. Lu
et al. used the HSE06 hybrid functional and determined the
indirect bandgap of fibrous-P bulk crystals and monolayers to
be 2.25 and 2.46 €V, respectively.** The bandgap of a fibrous-P
bilayer is 2.34 eV, which is only slightly narrower than that of
the monolayer, indicating that the number of stacked layers
has minimal effects on the bandgap of fibrous-P. This makes
fibrous-P based materials ideal for catalysis because bulk
crystals can be directly used without the need for extra exfoliation
or precise control over layer numbers. Zhou et al'*® have
assessed the evolution of quasiparticle bandgaps in few-layered
blue-P (Fig. 8e and f). The indirect bandgap diminishes as the
layer count rises starting at 3.41 eV for the monolayer, reaching
1.09 eV for the penta-layer, and finally changing into a metallic
bandgap in the bulk form. The bandgap calculated using PBE is
significantly smaller than that determined using quasiparticle
approximation, yet the degree of band dispersion remains largely
unchanged. This suggests that the bandgap width of blue-P is
larger than that of black-P and green-P, and bulk blue-P even
exhibits metallic characteristics. However, whether bulk blue-P
is semiconducting or metallic is controversial,*>'*>'** and
further theoretical studies on the electrical structure of blue-P
crystals are required. Experimentally, the bandgap of 4 x 4 blue
phosphorene on Au(111) is measured to be approximately 1.10
eV by angle-resolved photoemission spectroscopy,'** which is
significantly lower than the theoretical bandgap of free-standing
blue phosphorene. This results from the strong in-layer strain
caused by the interaction between phosphorene and the Au(111)
substrate,”'*®> which disturbs the lattice symmetry of free-
standing blue-P, hence impacting the electrical characteristics.

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Electronic band structures of black, violet, fibrous, blue, and green phosphorus. (a) Layer dependence of bandgaps for black-P as calculated by
various methods. Reproduced with permission from ref. 139. Copyright 2014 American Physical Society. (b) Spectroscopic measurement of the bandgap
for black-P. Reproduced with permission from ref. 140. Copyright 2014 American Chemical Society. (c) Theoretical band structure and (d) the mapping of
the Fermi surface of bulk fibrous-P. Reproduced with permission from ref. 36. Copyright 2021 Nature Publishing Group. (e and f) Layer dependence of
quasiparticle bandgaps for few-layered blue-P. Reproduced with permission from ref. 142. Copyright 2021 American Physical Society. (g) Layer-
dependent bandgaps and relative energy of violet-P and black-P. The electronic band structure of the violet-P monolayer (h) and bulk form
(i). Reproduced with permission from ref. 130. Copyright 2016 American Chemical Society.

Violet-P differs from the other four allotropes as it under-
goes an indirect-to-direct bandgap cross-over when downscal-
ing from the bulk to monolayers. This cross-over is also found
in many semiconducting transition metal dichalcogenides
(TMDs),**7'*® making it a useful way to tune the electronic
properties of layered semiconductors. Schusteritsch et al.'*°
have developed several calculation methods for determining
the electronic band structure of Violet-P (Fig. 8g). The PBE
method with dispersion corrections shows the bandgap of
bulk violet-P to be 1.45 eV, while monolayer violet-P exhibits
a direct bandgap of 1.76 eV at the Z point in the Brillouin zone
(Fig. 8h-i)."*° A more accurate HSE(TS) hybrid calculation gives
wider bandgaps of 2.17 and 2.52 eV for the violet-P bulk form
and monolayer, respectively. UV/vis diffuse reflectance spectro-
scopy reveals an optical bandgap of 1.7 eV for violet-P crystal
powder, similar to 1.77 eV obtained in photoluminescence of
single-crystal violet-P.*® The optical bandgap is narrower than
the calculated value because it is measured on a substrate-
supported sample rather than in vacuum."** Both fibrous-P and

This journal is © The Royal Society of Chemistry 2023

violet-P have similar bandgaps that are not greatly affected
by the number of layers due to similarities in the atomic
structures.®® Further research is needed to fully explain why
violet-P has an indirect-to-direct cross-over instead of an indir-
ect bandgap like fibrous-P.

The bandgaps of the aforementioned EPMs are influenced
by the number of layers, and the bandgap becomes smaller
with increasing number of layers due to the influence of vdwW
interactions between the layers. As the layer number increases,
the interlayer interaction becomes stronger to increase band
dispersion and produce a narrower band gap.'"'*>"*° Single-
and few-layered phosphorene displays pronounced quantum
confinement, and the valence and conduction bands mimic
those of a quantum-well structure. However, in the bulk coun-
terpart, energy dispersion becomes densely packed, causing the
discrete energy bands to turn into quasi-continuous sub-
bands.'" In addition, the bandgaps of phosphorus allotropes
are sensitive to electric fields,"”" molecule adsorption,"* and
tensile strain.'”® These external factors offer significant control
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over the bandgap, particularly in the single-and few-layered
structures. As shown in Fig. 9, EPMs with tunable and layer-
dependent bandgaps cover a wide range of energy and exhibit
strong interaction with electromagnetic waves across the mid-
infrared, near-infrared, visible, and near-ultraviolet frequen-
cies, making them suitable for various applications such as
thermal imaging (0.1-1.0 eV), photovoltaics/photocatalysis
(1.2-2.2 eV), and blue LED techniques (2.5-2.9 eV).

3.2.2 Charge mobility. In addition to the band structure,
the mobility of charge carriers also plays a significant role in
determining the electronic properties of semiconductors.
Although graphene shows high carrier mobility, its transistors
generally have an on-off ratio of less than 10 because of the
gapless dispersion.'”"'>> The discovery of single- and few-layered
TMDs has sparked scientific interests and single-layered MoS, is

Table 1 Calculated effective mass (m*), deformation potential (3, in eV), 2D elastic modulus (Cop, in I m™
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a prime example with a direct bandgap and an ultra-high on-off
ratio (10%-10'°).">® However, the carrier mobility is around
200 cm® V' s, with potential improvements of up to
500 cm® V' 571,15 which is still significantly lower than that
of graphene. Fortunately, elemental phosphorus semiconductors
with moderate bandgaps offer high mobility and unusual in-
plane anisotropy, making them suitable for optoelectronic appli-
cations. Table 1 summarizes the electron and hole mobility
values and relevant physical variables of different elemental
phosphorus monolayers along the x and y-axis.

Black-P and violet-P exhibit intrinsic p-type conductivity
with a positive Hall coefficient, indicating that conductivity is
primarily driven by holes.*”*® Based on Qiao’s phonon-limited
scattering model, the hole and electron mobility of black-P
can be extended to 10000-26000 cm® V™' s™' and 1100-
1140 cm® V' 57, respectively, which are comparable to those
of graphene and greater than those of 2D TMDs.* Black-P
shows in-plane anisotropic carrier mobility with electron mobi-
lity along the x-axis being greater than that along the y-axis.
Regarding the hole mobility, the preference for migration along
the x or y-axis depends on the number of layers. In the few-
layered black-P, the hole mobility along the y-axis is about half
that along the x-axis. In a monolayer, the hole mobility along
the y-axis is surprisingly 16-38 times greater than along the
x-axis, that is, 10000-26000 cm?® V' s™' versus 640-
700 ecm® V™' 57, indicating that the y-axis is the direction of
enhanced hole conductivity.®® Despite the carriers being rela-
tively heavy (6.35m,), the high mobility in a monolayer is due to
the low deformation potential (0.15 + 0.03 eV).*® Several people
have designed black-P based field-effect transistors (FETs) and
examined the charge carrier mobility.*>**'%*'>” viglet-P
has been predicted to have hole mobilities between 3000-
7000 cm® V™' s~" based on theoretical calculations."*® Applying
PBE without dispersion corrections, the effective masses of
electrons and holes are found to be greater along the y-axis
and the effective mass of electrons along the x-axis (0.69 +
0.01m,) is the smallest. The hole deformation potential along
the y-axis is nearly 7 times smaller than the value along the
x-axis, that is, 0.18 + 0.05 eV versus 1.26 £ 0.06 €V, resulting in
a significant hole mobility of ~7000 cm®> V™' s™' along the
y-axis. However, when PBE with dispersion corrections (PBE + TS)

2), and electron and hole mobility (1p, in 10°

cm? V1 s7Y) along the x and y axis of various phosphorus allotrope monolayers at 300 K

.
n; / my

System m; / my Eix Eqy Cy_op Cy_2p Hx 2D Hy 2D
Black—P(e) 0.17 1.12 2.72 £+ 0.02 7.11 £+ 0.02 28.94 101.60 1.10-1.14 ~0.08
Black—P(h) 0.15 6.35 2.50 £ 0.06 0.15 4 0.03 28.94 101.60 0.64-0.70 10-26
Violet-P(e) 0.69 &+ 0.06 3.58 + 0.14 1.40 4+ 0.03 0.66 + 0.01 49.70 + 0.2 49.92 + 0.4 0.50 4+ 0.02 0.43 4+ 0.03
Violet—P(h) 1.24 £+ 0.03 2.45 £+ 0.06 1.26 £ 0.06 0.18 4 0.05 49.70 = 0.2 49.92 + 0.4 0.31 4+ 0.02 7.68 £ 4.3
Fibrous—P(e) 0.41 0.56 3.98 0.64 9.96 91.65 0.07 17.7
Fibrous—P(h) 2.95 0.44 0.56 1.83 9.96 91.65 0.19 1.17
Green—P(e) 0.27 0.20 —5.02 2.35 26.5 84.9 0.355 7.02
Green»P(h) 0.21 1.71 —9.93 7.71 26.5 84.9 0.048 0.024
Blue-P"(e) 0.130 0.132 —2.289 —2.261 42.826 47.248 10.263 11.429
Blue—P*(h) 2.231 1.587 —1.007 —1.005 42.826 47.248 0.215 0.335

e, electrons; h, holes; Blue-P*, 4 x 4 phosphorene on Au(111). Data extracted from ref. 69, 75, 130, 132, and 144.
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is employed, the hole mobility is reduced to ~3000 cm® V' s~ "
as PBE + TS calculates a magnitude of the deformation potential
that is twice that of PBE. Recently, Ricciardulli et al. have created
a FET using exfoliated violet-P thin films and found that the hole
mobility of the film is 2.25 cm® V™' s at room temperature.’”
Although charge transport in films may be impeded by inter-flake
resistances and structural defects caused by the exfoliation
process,™® this work experimentally demonstrates the potential
of violet-P as a p-type semiconductor.

Dominated by high electron mobilities, fibrous-P and green-
P are potential materials for n-type devices.’>'*” In the fibrous-
P monolayer, the effective masses of electrons (holes) along the
x- and y-axis are calculated to be 0.41 (2.95) and 0.56 (0.44)m,
respectively.'*” The deformation potential (E;) and elastic mod-
ulus (C,p) are highly anisotropic in the plane. The calculated
deformation potentials of electrons along the x- and y-axis are
approximately 3.98 and 0.64 eV, respectively, with an anisotropy
ratio greater than 6. C,p, is almost nine times larger
than C,p ,. This results in a significant electron mobility of
~17700 cm® V' 57" along the y-axis, which is comparable to
that of other layered semiconductors like black phosphorene,®®
violet phosphorene,”*® and Al,C monolayers.">® However,
the FET made from fibrous-P nanoribbons has a lower hole
mobility (236.7 em® V™" s7"),"*° which is far less than expected.
This may be due to the high contact resistance between the
channel materials and electrodes. High mobility can be
improved by modifying the contact electrodes or using high-k
materials as the gate layer.">>'® In green phosphorene, the
effective masses of electrons (holes) along the x- and y-axis are
predicted to be 0.274 (0.166) and 0.162 (1.333)m,, respectively.”®
This suggests that the hole mobility is highly anisotropic, while
the electron mobility is nearly isotropic. For a carrier concen-
tration of 5 x 10"> cm™>, the electron mobility is determined to
be around 200 cm® V™' s at 300 K, which is higher than the
hole mobility (~60 cm® V™' s ). This relatively high electron
mobility is a result of lower scattering rates near the CBM.

Zhuang et al. have investigated the carrier mobility charac-
teristics of 4 x 4 blue phosphorene on Au(111) theoretically."**
The effective mass of holes is slightly greater along the x-axis
than along the y-axis (2.231m, versus 1.587m,), whereas the
effective mass of electrons along both axes is very close and
small (~0.130m,). This small effective mass leads to high
electron mobility, which can reach up to 11429 cm®> V' ' 57,
The limited anisotropy in carrier mobilities of 4 x 4 blue
phosphorene on Au(111) is related to the more symmetrical
atomic structure, but even minor changes in the structure of
layered materials can produce significant variations in the
electronic properties. The strong in-layer strain caused by the
blue-P-Au(111) interaction greatly influences the electron
mobility."**'" Therefore, they have also calculated the carrier
mobilities of 4 x 4 blue phosphorene in the absence of tensile
strain.'** The effective mass of electrons increases significantly
in free-standing blue phosphorene, which greatly reduces the
electron mobility by one or two orders of magnitude.

So far, studies on the carrier mobility of elemental phos-
phorus semiconductors, excluding black-P, have mainly been

This journal is © The Royal Society of Chemistry 2023
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theoretical. In general, theoretical calculations for the room-
temperature carrier mobilities (u,p) of layered materials use an
acoustic phonon limited method and the following expression:*°'%*

. _ é’h3 Cz])
Hap kBTm;md(E{)2

The factors that impact the mobility most significantly are the
deformation potential (E;) and elastic modulus (C,p) in the direc-
tion of the longitudinal acoustic wave. This is why single-layered
phosphorene tends to have higher carrier mobility. In single-layered
phosphorene, the absence of interlayer and stacking-induced intra-
layer overlap for valence or conduction band wavefunctions leads to
a minimal deformation potential in a specific direction, leading to
remarkable hole or electron mobility.'®® However, experimental
results for carrier mobility of EPMs have shown significant
discrepancies with theoretical predictions. For example, no
experimentally measured black-P monolayer has a hole mobi-
lity greater than 10000 cm® V' s, The unmanageable layer
number and structural defects in preparation as well as the
interface resistance in detection should be ascribed to the
discrepancy.

3.3 Phonon properties

Phonons are the quantized vibrational modes of the material’s
lattice structure and strongly influence its thermal and
mechanical properties as well as electronic behavior.'**"'® To
obtain a comprehensive understanding of the performance of
low-dimensional EPMs in various applications including
nanoelectronics, optoelectronics, and spintronic devices, it is
necessary to conduct systematic investigations of the phonon-
related properties. Raman spectroscopy serves as an important
characterization tool for acquiring information about the pho-
non band structure and properties of materials. To compre-
hend the Raman scattering and Raman selection rules in EPM
crystals, it is essential to understand the crystal symmetry,
lattice vibration, and phonon dispersion.*®”

Generally, group theory can be employed to predict the
normal modes in crystals and classify lattice vibrations based
on the irreducible representations of the corresponding crystal
symmetry groups.'®® Recent theoretical and experimental inves-
tigations have primarily focused on characterizing the vibrational
properties of three phosphorus allotropes: black-P, blue-P, and
violet-P. Considering that there is an extensive literature discuss-
ing the vibrational modes of bulk black-P,'*>"*”* here we primar-
ily focus on the vibrational modes of black-P monolayers. Black-P
monolayers belong to the D,,,” space group and the primitive cell
consists of four atoms. This space group exhibits 12 phonon
branches including 3 acoustic and 9 optical modes."””> The
irreducible representations for the black-P monolayer are as
follows: I' = 2@+ I,  + 2t + It + Ty + 200, + Ty +2I07,
where the acoustic modes are I', , I';, and ', . The remaining
optical modes in the one-dimensional representations I'y", I',",
I';*, and I'," are Raman active, while I, and I',~, are infrared
active. The associated non-normalized eigenvectors for black-P
monolayer lattice vibration modes are shown in Fig. 10a.
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Fig. 10 Phonon-related properties of EPMs. (a) Non-normalized eigenvector representations for Black-P monolayer vibrational modes. (b) Side view of
the AA and AB stacking arrangements for the Black-P bilayer. (c) Non-normalized eigenvector representations for blue-P monolayer vibrational modes.
(d) Side view of the AA and AB stacking arrangements for the blue-P bilayer. Reproduced with permission from ref. 172. Copyright 2015 American Physical
Society. (e) Vibrations of the typical Raman modes of bulk violet-P. (f) Raman spectra of violet-P single crystals at 103 K. Reproduced with permission
from ref. 173. Copyright 2021 American Chemical Society. (g) DFT calculated the Raman spectrum of bulk white-P together with the recorded
experimental spectrum and (h) calculated eigenvectors of key Raman active modes. Reproduced with permission from ref. 174. Copyright 2021 Royal

Society of Chemistry.

Different numbers of layers and different stacking arrange-
ments can also give rise to variations in the symmetry and
lattice vibration modes. When multiple layers of black-P are
stacked in the AA manner as shown in Fig. 10b, the space group
is always D, (Pbmn, #53), irrespective of the odd or even
number of stacked layers. The corresponding irreducible
representations are as follows: I' = 2N(I'y" + '3  + I~ + [y7) +
N[, + Ty + Ty +T57),where I',” + I's” + Iy~ are acoustic
modes, 2N(I'," + I's") + NI, + I',’) are Raman active,
(2N — 1)(I'y” + I',7)(IN — 1)I';~ are infrared active, and NI';~
are silent. In contrast, when multiple layers of black-P are
stacked in the AB manner, odd and even layers exhibit distinct
vibrational modes. For odd-numbered layers, the space group
and irreducible representations remain consistent with those
stacked in the AA manner. However, for even-numbered layers,
the lattice vibration belongs to the D,,'* (Pbmn, #57) space
group, and the irreducible representations are as follows:
F=2NTy" + 3"+, + T )+ NI, + T, + Ty +T57), where
the acoustic and optical modes are the same as in the space
group of D,y,” (Pbmn, #53).

5404 | Chem. Soc. Rev., 2023, 52, 5388-5484

Blue-P has a lattice structure similar to that of Black-P.
Especially, the blue-P monolayer primitive unit cell comprises
two atoms and belongs to the D;4* subgroup, which has the
triple rotational symmetry. The irreducible representations of
the blue-P monolayer are as follows: ' =T'y" + ;" + [, + 37,
where I',” + I';~ are acoustic modes. The remaining optical
modes in the one-dimensional representations I';" and I';" are
Raman active with no infrared activity. The corresponding non-
normalized eigenvectors for blue-P monolayer lattice vibration
modes are shown in Fig. 10c. However, when dealing with
multiple layers of blue-P, the lattice vibration modes differ. For
layers stacked in the AA manner, as shown in Fig. 10d, the
lattice vibration belongs to the D34® (P3m1, #164) group, and
irreducible representations are as follows: I' = N(I'y" + I's"
I~ +I'37), where I',” + I';~ are acoustic modes, N(I'," + I';")
are Raman active, and (N — 1)(I',” + I'; ") are infrared active. In
contrast, when multiple layers of blue-P are stacked in the AB
manner, odd and even layers exhibit distinct vibrational modes.
For odd-numbered layers, the lattice vibration belongs to the
Cs.' (P3m1, #156) group and the irreducible representations are

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cs01018f

Open Access Article. Published on 17 July 2023. Downloaded on 3/13/2026 7:37:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

as follows: I' = 2N(I'; + I';), where I’y + I'; are acoustic modes
and (2N — 1)(I'; + I';) are both Raman active and infrared active.
For even-numbered layers, the space group and irreducible
representations are consistent with the AA stacking pattern.’”?

Violet-P in its bulk form has the monoclinic lattice structure
with a space group of P2/n (13, C2h(2/m))."”* The lattice vibra-
tions of bulk violet-P at the center of the Brillouin zone involve
252 phonon modes, consisting of 3 acoustic modes and
249 optical modes. These modes can be represented as follows:
I'=(Ay +2By) + 63(Ag + By) + (62A, + 61B,), where A, + 2B, are
the acoustic modes, 63(A; + By) are both Raman and infrared
active, and 62A, + 61B, are inactive in terms of both Raman and
infrared. Based on this information, 12 primary vibration
modes can be identified (Fig. 10e) and the corresponding
Raman features of violet-P will be discussed further below.

Raman scattering is a straightforward, nondestructive, and
efficient technique to examine crystal lattice vibrations. During
Raman scattering in a crystal, the incident photons can either
absorb or emit crystal phonons and subsequently scatter in various
directions at different angles.’®® By detecting and analyzing the
scattered light that has gained or lost phonon energy, one can
determine the relevant phonon properties of the materials. Addi-
tionally, since the Raman intensity is proportional to the derivative
of the dielectric tensor concerning vibrational coordinates, DFT
calculations can be combined with Raman scattering experiments
to conduct in-depth studies. Impellizzeri et al'’* applied the
Placzek approximation to DFT calculations and combined it with
experiments to simulate Raman spectra for various phosphorus
allotropes including bulk and low-dimensional structures. The
simulated Raman spectrum of white-P (Fig. 10g and h) reveals
three different modes: a bending mode E at 371.5 cm™ ', and
symmetrical stretching modes F, and A; at 459.5 cm ™' and
602.1 cm ™, respectively. The simulated Raman spectra for bulk
and monolayer black-P display three unique peaks at
357.3 em !, 425.2 em ™', and 453.5 cm !, corresponding to
the A,', B,,, and A,” modes associated with out-of-plane, zigzag,
and armchair vibrations, respectively. Violet-P with its more
intricate crystal structure produces a more complex Raman
spectrum than white-P and Black-P. The monolayer blue-P
simulated Raman spectrum exhibits only two prominent
Raman peaks, reflecting its higher symmetry relative to black-
P. The E; mode at 422 em™ ' corresponds to the longitudinal
displacement in the plane direction, while the A;, mode at
534 cm ™' arises from out-of-plane vibrations. Although DFT
calculations are effective in simulating Raman spectra to
discern the vibrational modes of phosphorus allotropes, refine-
ments are necessary to achieve a closer match with experi-
mental results. Raman spectroscopic studies of bulk violet-P
have been reported by Zhang’s group.'”* As shown in Fig. 10e
and f, the 12 peaks correspond to the 12 main vibrational
modes, ranging from strong to moderate intensity.

The thermal properties of phosphorus allotropes are heavily
influenced by the crystal orientation due to structural aniso-
tropy. For instance, the thermal conductivity of black-P demon-
strates a significant dependence on the thickness and high
degree of anisotropy.'®® Theoretical calculations indicate that

This journal is © The Royal Society of Chemistry 2023
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the thermal conductivity of monolayer phosphorene is lower
than that of bulk black-P,"”> showing that the thermal con-
ductivity tends to increase as the black-P thickness increases.
However, defects can result in thermal conductivity values
lower than the intrinsic ones. Single-crystal black-P exhibits
strong in-plane anisotropy in the thermal conductivity across the
zigzag and armchair directions, with the armchair direction
having lower thermal conductivity values—up to half--compared
of those in the zigzag direction.'’® This anisotropy primarily
originates from the anisotropic dispersion of phonons and, to a
lesser extent, the phonon-phonon scattering rate. Ge et al. have
investigated the lattice vibrational properties and thermal expan-
sion of blue phosphorene through DFT calculations."”” Slight
buckling of the blue phosphorene atoms in the Z-direction
disrupts the mirror symmetry, resulting in hybridization of ZA
and ZO modes with other modes. Consequently, a phonon band
gap develops and the phonon group velocity decreases, effectively
reducing the thermal conductivity.

3.4 Materials stability

The stability of EPMs under ambient conditions is crucial to
applications because the presence of small molecules like water
and oxygen can be problematic.'”® Prolonged exposure to the
environment can cause significant changes in the physico-
chemical properties of phosphorene, including a rougher sur-
face, higher ohmic resistance, and reduced charge mobility
due to the formation of a surface oxide layer."”®'®® The
detrimental modifications negatively impact the efficiency
of catalysts and electrodes. Therefore, comprehending the
vulnerabilities of EPMs and potential factors that may interfere
with their performance is important for designing more
durable EPM-based materials that can be used under industrial
conditions.

The stability of materials is influenced by the intrinsic
atomic and electronic structures. First, layered EPMs generally
have an elevated surface area-to-volume ratio, which accelerates
the rate of surface chemical reactions and makes them suscep-
tible to deterioration. Second, the valence electron configu-
ration of phosphorus atoms (3s*3p?) results in the formation of
covalent bonds with three neighboring atoms, leaving a lone
electron pair that is highly reactive to ambient components
such as oxygen and water.'®! Recently, Lyu and colleagues have
conducted a systematic evaluation of the relative stability of 10
layered EPMs with a focus on structure and bonding and found
that the gauche effect is essential in determining the stability of
these materials.’®* Based on DFT calculations, violet-P has the
lowest energy relative to other structures and is deemed the most
stable (Fig. 11a). Analysis of the torsion-bonding strength rela-
tionship reveals that the majority of the P-P bonds in violet-P fall
into the gauche region (Fig. 11b), indicating that these bonds
predominantly exhibit the gauche conformation. The phosphorus
atom in the layered structure is sp® hybridized with a lone
electron pair, which contributes to the stability of the gauche
conformation. This is because the orbitals of two adjacent lone
pairs are positioned near each other’s nodal planes (Fig. 11c),
thus avoiding strong interaction.'®™® The energetically
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favorable structure of EPMs has a greater proportion of gauche
bonds, and an increase in the proportion of eclipse or trans
conformations will result in a corresponding rise in the energy of
the ground state.'® Other structural factors that can impact the
stability include bond length, bond angle, and vdW interactions,
and some studies have also evaluated the stability of EPMs from
these perspectives.”>86:187

Under environmental conditions, the stability of EPMs is
also influenced by the thickness and form of crystals. Single-
layered phosphorene, composed entirely of surface phosphorus
atoms with fully exposed lone-pair electrons, show more surface
defects than thicker crystals.’®® Thinner phosphorene tends to
degrade from the edges inward due to edge effects, while bulk
crystals primarily degrade on the surface, and surface oxidation
can extend the overall stability of the materials.'®*°* Addition-
ally, as the thickness decreases, the phosphorene bandgap
moves to higher energies due to quantum confinement, bring-
ing the valence and conduction bands closer to O, acceptor

5406 | Chem. Soc. Rev,, 2023, 52, 5388-5484

states."®> As a result, thinner phosphorene has lower stability

and is more susceptible to oxidative degradation than thicker
ones. EPMs with different crystal forms also show variations
in their degradation under environmental conditions. Fali
et al. have studied chemical degradation of violet-P flakes and
compared surface oxidation with that of black-P under ambient
conditions with time.'®® Initially, both violet-P and black-P
show similar degradation patterns with random nanoparticles
appearing on the surface shortly after exfoliation. However, the
sustained growth kinetics of the nanoparticles differs between
the two allotropes. In black-P, the degradation area expands
rapidly along an S-shaped curve due to merging of neighboring
nanoparticles, but no noticeable merging is observed in violet-P,
and the deteriorated surface elements have minimal impact on
the non-degraded surface elements. As a result, the degradation
rate of violet-P is nearly 9 times slower than that of black-P
under the same ambient conditions. This work provides experi-
mental proof of the superior stability of violet-P.

This journal is © The Royal Society of Chemistry 2023
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External factors that impact the stability of EPMs include
light, oxygen, and water. However, the exact degradation mecha-
nism remains a subject of debate. The degradation mechanism
of black-P has been extensively investigated under various envir-
onmental conditions. Martel’s group®® and Wang’s group'®> have
put forth a light-induced oxidation mechanism based on in situ
Raman spectroscopy and theoretical calculations, in which the
superoxide anions on the surface, triggered by light exposure, are
critical in the degradation of black-P. This light-induced degrada-
tion process can be divided into three stages: (1) ambient light
promotes the generation of superoxide anions through a charge
transfer reaction; (2) the superoxide anions dissociate on the
surface and form two P-O bonds with black-P, resulting in the
formation of a native surface oxide; and (3) water molecules
interact with the bonded O and remove P atoms from the surface
via hydrogen bonding, leading to the deterioration of the top
layer and further oxidation of the inner layer. Throughout the
process, superoxide anions stride over a small potential barrier
through a triplet-singlet transition, generating dangling O atoms
on the surface (Fig. 11d). As a result, the surface becomes
hydrophilic, causing the O adsorbed phosphorene to dissolve
in water (Fig. 11e)."”> Huang et al have performed isotopic
labeling and wetting experiments to confirm the effects of O,
on the surface hydrophilicity."** The pristine Black-P is hydro-
phobic, but with dissociative chemisorption of O,, the surface
becomes progressively more hydrophilic. Interestingly, a distinc-
tive degradation mechanism for the water-catalyzed oxidation of
a few-layered black-P in the absence of light has been
proposed.’®® This theory suggests that water and oxygen mole-
cules co-adsorb on the surface of black-P to generate water—
oxygen clusters (Fig. 11f), and then electron transfer from black-P
to oxygen initiates oxidation even in the absence of light. This can
be attributed to the strong polarization effect of water molecules,
which significantly enhances the electron affinity of oxygen to
improve the capacity to accept electrons. Yu et al. recently found
that persistent generation of reactive oxygen species on the
surface of few-layered black-P also plays a significant role in the
dark degradation.'®® Zhao et al. have studied the degradation
kinetics of fibrous-P nanoribbons under four different exposure
conditions."®” They found that fibrous-P nanoribbons deteriorate
rapidly in both oxygenated and deoxygenated water, while dete-
rioration is slower in the absence of light, suggesting that the
degradation behavior of fibrous-P differs from that of black-P. For
black-P, the influence of light on the degradation kinetics is
insignificant and oxygen plays a substantial role.”® It is also
necessary to study the degradation kinetics of other EPMs as the
degradation mechanisms may be different from those of black-P.

A variety of physical and chemical protection techniques such as
capping layers,"*® liquid protection,”® surface functionalization,”*"
and doping with other elements,*> have been developed to passi-
vate EPMs. However, in practical applications, striking a balance
between material stability and performance is crucial, as blindly
pursuing stability at the expense of performance is not a viable
option. Our group has proposed a metal-ion modification strategy
that can improve both the stability and performance of black-P
sheets.” The strategy involves the cation—n interaction between

This journal is © The Royal Society of Chemistry 2023
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metal ions (Ag") and the conjugated © bond formed by the lone pair
electrons of phosphorus atoms in each layer (Fig. 12a). The high-
resolution Raman spectra confirm that the surface of black-P is
modified with Ag" and no noticeable P,O, characteristic peaks are
observed (Fig. 12b—d). The intensity of the typical black-P peak at
360.9 cm™ ' progressively increases until 60 minutes and then
stabilizes as a result of saturated adsorption (Fig. 12¢),>** indicating
that modifying black-P with Ag" via cation— interaction is a manage-
able and straightforward process. As shown in Fig. 12f-i, the
modification process improves the stability of black-P sheets, allow-
ing them to remain unchanged in the air with a relative humidity of
up to 95% for several days and without any major alterations in the
surface morphology or roughness, despite only a slight increase in
thickness (~9.5 nm) compared to the pristine black-P sheets
(~8.2 nm). Furthermore, the modified black-P FET exhibits
improved hole mobility and ON/OFF ratios. The hole mobility
reaches 1666 cm® V! s7%, which is more than double the value
for pristine black-P. The ON/OFF ratio improves to 2.6 x 10°, which
is 44 times greater than that of pristine black-P. This strategy has the
added advantage of allowing control over the ion concentration and
modification time, and it can be extended to other metal ions also.
In the future, it is expected that more innovative methods will be
developed, which will not only secure the stability of EPMs in
practical applications but also enhance their performance.

In summary, this section have offered an in-depth analysis
of the fundamental physicochemical properties of EPMs, elucidat-
ing the differences and interrelationships among their atomic
structures, electronic and phonon properties, and material stabi-
lity. The section underscored the unique features of these materi-
als and ongoing debates in the field. A specific point of focus,
moving forward, should be the structural intricacies of EPMs,
particularly surface and edge structures. Despite the advances
made in the research of bulk crystals, our comprehension of
surface or edge reconstruction and amorphization remains lim-
ited. The arrangement change of the surface or edge atoms would
bring about significant modifications in physicochemical proper-
ties. Furthermore, there is a noticeable lack of emphasis on the
structural phase transitions occurring at the sub-nanometer scale,
and associated structure-property relationship studies are still
insufficient. Further research should also focus on the exotic
properties of phosphorene, potentially revealing novel phenomena
and applications. In addition, several fundamental debates remain
unresolved, including the precise atomic structure of amorphous
red-P and type II and III crystalline red-P, the disparity between
theoretical predictions and actual measurements of carrier mobi-
lity in diverse “violet-P”, and the different degradation behavior
observed in various EPMs. Addressing these issues will provide a
more solid foundation for the field and guide the design and
application of these intriguing materials.

4. Synthetic strategies of elemental
phosphorus materials

Phosphorus is a versatile element in the periodic table that
exists in a variety of allotrope forms and sizes, ranging from
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bulk crystals to layered sheets, nanoribbons, and quantum
dots. Synthetic EPMs provide a broad range of properties that
can be tailored through the choice of constituent allotropes and
reaction conditions. To fully realize the potential of EPMs
and their “on-demand” properties, it is necessary to develop
and optimize the synthetic methods. High-quality, uniform, and
mass-producible synthesis of EPMs is crucial to applications.
Currently, the synthesis of white-P still relies on pyrolysis of
phosphate ores using the J. B. Readman electrothermal approach
reported in 1888.'°* However, new and improved synthesis
methods have been developed for other EPMs such as black-P,
red-P, fibrous-P, and violet-P. These methods have enabled the
synthesis of high-quality 3D bulk crystals as well as low-
dimensional (0D, 1D, and 2D) nanostructures. Bulk crystals of
blue-P have not yet been synthesized, but 2D blue phosphorene
has been prepared. Additionally, recent reports have described
the synthesis of new nanostructured EPMs. The varying dimen-
sional material structures that have been demonstrated for each

5408 | Chem. Soc. Rev, 2023, 52, 5388-5484

of the phosphorus allotropes are summarized in Fig. 13. This
section critically discusses the synthesis of EPMs and their
nanostructures. The advantages and disadvantages of different
synthetic routes are discussed and characterization of the corres-
ponding products is described.

4.1 Synthesis of black phosphorus

4.1.1 Black phosphorus in the bulk form. The traditional
methods for synthesizing black-P bulk crystals often require high
pressure to facilitate phase transition. As mentioned in Section 2,
the high-pressure synthetic method for black-P was first estab-
lished by Percy Williams Bridgeman,*® who attempted to convert
white-P into a new crystal phase using a high-pressure apparatus
with a pressure greater than 1 GPa and at a temperature of
200 °C. However, for safety reasons, the method was later refined
by using a more stable red-P as the precursor and a belt-type
apparatus.”®* Nevertheless, these methods result in incomplete
phase transitions at relatively low temperature, and only produce

This journal is © The Royal Society of Chemistry 2023
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phosphorus materials based on the dimensions and structural examples for

each dimension. Elemental phosphorus materials (EPMs) are classified into three categories: zero-dimensional (OD) EPMs (nanoparticles and quantum
dots), one-dimensional (1D) EPMs (nanoribbons, nanowires, and nanotubes), two-dimensional (2D) EPMs (nanofilms, nanosheets, and single-/few-
layers), and three-dimensional (3D) EPMs (nanocrystals and bulk forms). Each coloured circle within the EPM structural box is indicative of different
phosphorus allotropes reported with corresponding dimensional structures in the literature. It should be noted that the EPM nanotubes have not been
experimentally synthesized so far, but the synthesis of black or blue phosphorus nanotubes is theoretically feasible.

small and low-quality crystals, making it challenging to separate
them from impurities. The development of wedge-type and
multianvil-type apparatus has made a great contribution to the
production of large-scale and high-quality black-P crystals. In
1981, Shirotani et al. made a breakthrough in the high-pressure
synthesis of black-P crystals, achieving successful growth of
black-P single crystals.*' Using a cubic anvil apparatus, they
obtained crystals up to 4 x 2 x 0.2 mm® from red-P at a
temperature of 270 °C and a pressure of 3.8 GPa. Despite these
advances, the potential safety issues of the high-pressure process
remain, prompting researchers to seek milder methods for
synthesizing black-P bulk crystals.

To address the requirement for high-pressure conditions in
black-P crystal production, mercury flux or bismuth flux was
introduced as supplementary catalysts.>*> % In 1955, Krebs
and his colleagues reported that under high-temperature
conditions (370-410 °C), addition of 30 to 40 atomic percent
of mercury would initiate the transition of white-P into
black-P.”’”® The reaction was found to take a few days to

This journal is © The Royal Society of Chemistry 2023

complete, yielding Black-P crystals as the final product. However,
the use of mercury or bismuth as catalysts is associated with
several drawbacks, including mercury contamination, bismuth
toxicity, prolonged reaction times, and limited yield, making the
mercury or bismuth flux method far from ideal. Despite the
limitations, this method of introducing additional catalysts
seems to provide insights into the later-developed chemical vapor
transport (CVT) method, which efficiently produces black-P crys-
tals at moderate temperature and pressure through the addition
of transfer agents. CVT refers to a chemical reaction that trans-
forms a condensed phase into a gaseous phase in the presence of
a transfer agent, followed by deposition elsewhere and eventual
formation of a crystalline structure.””® In 2007, Nilges and
colleagues introduced a pioneering CVI-based approach for the
preparation of black-P crystals at low pressure in evacuated
silica ampules.*® By heating red-P with a mixture of Au, Sn, and
Snl, as transport agents, they were able to produce black-P
crystals, where a sample batch was grown on the surface of the
AuzSnP,/AuSn materials (Fig. 14a). One year later, this research
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group improved the previous reaction system by using the AuSn
alloy instead of Au and Sn metals.*® This change, along with the
optimal temperature program, reduced the crystal growth time
to 32.5 hours and increased the crystal size to 1.5 cm in
diameter. However, the cost of synthesis remained high due
to the use of noble metals. In 2014, they further refined the
synthetic procedure by eliminating expensive Au and substitut-
ing it with Sn/Snl, as transfer agents, which significantly
reduced costs and the number of impurities.** Building on
these advances, Nilges et al. recently utilized DFT calculations
to probe the formation mechanism of black phosphorus and
phosphorene.*®® They discovered that the gaseous species P,
and SnI, play a crucial role in the gas-phase growth of black
phosphorus and phosphorene, with SnI, directly inserting into
the P-P bonds of P,. This work not only contributes to the
optimization of the gas-phase growth system for black-P
crystals but also aids in understanding the principles of epitaxial
growth of phosphorene on substrates, which will be discussed
further below.

In contrast to Nilges’ CVT growth approach,*>** which requires
a temperature gradient for long-distance transport (LDT), Liu’s
group have devised an efficient short-distance transport (SDT)
growth method that utilizes a uniform temperature.*'® As shown
in Fig. 14c and d, a substantial number of black-P crystals formed
during the SDT process, with 98% of red-P being converted to
black-P, while only a limited number of black-P crystals formed
during the LDT process. The comparison of the yield and purity of
black-P synthesized by different methods including high-pressure
high temperature (HPHT) methods, sonochemistry, flux methods,
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and CVT methods is shown in Fig. 14b, and the results indicate
that this work has achieved the highest yield and purity of black-P
crystals among the compared methods. Two key factors for
obtaining high black-P production yields are the short-distance
transport and uniform temperature.>*® As the temperature in the
quartz ampoule rises, the reactants (red-P, Sn, and Snl,) start
vaporizing and fill the ampoule. This results in a reaction between
gaseous phosphorus and Sn and Snl, gases, forming P-Sn-I
complexes that accumulate at the bottom of the ampoule. These
complexes act as nucleation sites for further crystal growth. The
transport agent aids in the crystallization and growth of black-P
during the gradual cooling process until all the gaseous phos-
phorus is transformed into black-P crystals. However, the Sn/Snl,/
red-P reaction system still faces several challenges, such as the
time-consuming synthesis of Snl, and the requirement for precise
temperature control. The amount of red-P loading, ampoule
capacity, and Sn/Snl, proportion all play crucial roles in the
synthesis of black-P crystals. Scaling up the production of black-
P necessitates appropriate modification of the experimental
conditions, as excessive red-P loading can cause ampoule break-
age, while inadequate loading results in the production of only
white-P or violet-P.?® In addition, this method can introduce
iodine- or tin-doped impurities during the crystallization pro-
cess of black-P. However, the ability to dope black-P allows for
the alteration of properties, thereby offering potential to
broaden the range of applications.

4.1.2 Black phosphorene

Top-down methods. Inspired by the successful mechanical
exfoliation of graphene, few- and single-layered black phosphorene
was first prepared by a micro-mechanical cleavage method in
2014.">*® When the Scotch tape is repeatedly detached from
bulk crystals, single-layered phosphorene with a thickness of
~0.85 nm can be obtained and transferred onto a Si/SiO,
substrate.”® Although this method can produce controllable
layers of black phosphorene by recycling the detaching process
at different times, adhesive contamination and low yields must to
be addressed. A modified mechanical exfoliation method has been
developed to improve the yield of atomically thin black-P flakes.”"*
In this method, the commercially available black-P bulk crystals
are repeatedly exfoliated using blue Nitto tape and the thinnest
region of the flake has a thickness of 1.6 nm equivalent to three
layers of black phosphorene. The use of sticky tape coupled with a
viscoelastic polydimethylsiloxane substrate increases the yield of
the products and reduces contamination.

Dry and wet ball milling methods are commonly used
mechanical techniques to grind bulk black-P powders into few-
layered phosphorene.>'* Zhu et al. have developed a solid-state
ball milling method to prepare ultrathin black-P nanosheets
(Fig. 15a).>'* They mixed 300 mg of black-P powder with 700
mg of anhydrous LiOH powder in a vessel brimming with an Ar
atmosphere and ball milled for 24 hours,**® resulting in the
formation of black-P nanosheets with lateral sizes ranging from
30-60 nm and a thickness of ~0.7-6 nm. Addition of LiOH plays
a crucial role in the ball milling process by functionalizing the
nanosheet edges with hydroxyl groups, which improves the
stability of nanosheets. Without LiOH, the exfoliated black-P

This journal is © The Royal Society of Chemistry 2023
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nanosheets exhibit instability, and some of them are converted
into red-P. Liu et al. have used wet ball milling to prepare a few-
layered black-P and evaluated the impact of different organic
solvents.*'* Dimethylformamide (DMF), N-methyl-2-pyrrolidone
(NMP), and dimethyl sulfoxide (DMSO) are more effective
solvents than absolute ethanol (AE) and ethylene glycol (EG),
with DMSO being the optimal solvent for 3-5 layers of black-P.
However, ball milling requires extended processing to achieve
high yield, and the irregular movement of hard balls induces
high stress that leads to the fragmentation of bulk crystals into

This journal is © The Royal Society of Chemistry 2023

nanosheets with reduced lateral dimensions. To tackle these
challenges, Liu’s group introduced glue-assisted grinding for
exfoliating large-size 2D materials and obtained hexagonal
boron nitride nanosheets with an average lateral size of
2.18 um.>** Similar methods are expected to be developed for
the production of large-size black phosphorene.

Liquid-phase exfoliation is another widely used method to
produce black phosphorene, with NMP being the first solvent
used for this purpose.”’®® The process involves immersing
bulk black-P into NMP (5 mg mL ") and exfoliating it in an
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ultrasonic bath (820 W, 37 kHz) for 24 hours. The resulting
phosphorene nanosheets had dimensions of ca. 200 x 200 nm
and a thickness of 3.5-5 nm. To date, NMP has been the most
widely utilized solvent for black-P exfoliation, with the size of
the resulting black phosphorene nanosheets ranging from
0.6 to 60 nm depending on the time (from 1.5 to 24 hours)
and power (from 200 to 820 W) of ultrasonication.>'® In NMP
exfoliation, the functional groups work as “scissors”, cleaving
bulk black-P into phosphorene through sharing of electron
pairs from the exposed phosphorus atoms and oxygen from
NMP.>"” The surface tension of NMP is comparable to that of
black phosphorene, which effectively disperses the exfoliated
nanosheets and prevents restacking and aggregation. However,
pure NMP exfoliation leads to surface contamination with NMP
and instability of phosphorene in water. To address this, our
group has developed a basic-NMP solvent process, in which
bulk black-P is added to a NaOH-saturated NMP solution to
perform liquid exfoliation (Fig. 15c). The resulting phosphor-
ene exhibits improved water stability and controllable size and
number of layers.?'® Addition of OH™ to the solution adsorbed
on the surface of phosphorene makes it negatively charged
(—30.9 mV) and further increases the stability in water. Other
polarized solvents have been also used to synthesize black
phosphorene, including DMF, DMSO, isopropyl alcohol (IPA),
N-cyclohexyl-2-pyrrolidone (CHP), bis(2-methoxyethyl) ether
(DIGLYM), acetonitrile (AN), distilled water, tetrahydrofuran,
ethanol, benzonitrile, acetone, chloroform, and hexane.?*?2%°
Liquid-phase exfoliation is more scalable than mechanical exfo-
liation for the preparation of black phosphorene. However,
Young’s modulus of phosphorene is smaller compared to other
2D materials, and strong ultrasonic treatment results in
nanosheets that are smaller than a few hundred nanometers.>**
Long-term sonication can also lead to fragile crystallinity and
irreversible surface damage. Therefore, it is important to develop
a large-scale method for the liquid synthesis of high-quality black
phosphorene.

Electrochemical exfoliation is considered to a more efficient
and controllable method that allows for the production of black
phosphorene with precise control over the size and thickness
by applying different voltages for different time. This method
can be divided into anode and cathode exfoliation, depending
on the location of the exfoliating materials. In 2015, Erande and
colleagues were the first to use anode exfoliation to produce
black phosphorene.”*> After applying a positive bias voltage of
+7 V and a current of ~0.2 A to the working electrode for
50 minutes,>** black phosphorene displayed a nanosheet-like
characteristic with lateral dimensions ranging from 5 to 10 pm
and a thickness of around 1.4 nm. Different from anode
exfoliation, cathode exfoliation does not involve the generation
of oxygen-containing free radicals, leading to the formation of
phosphorene products with no visible surface defects or oxida-
tive damage.**® Cationic surfactant hexadecyltrimethylammo-
nium chloride (CTAC) can be used as an intercalating agent to
exfoliate bulk black-P in water at a cathodic potential (Fig. 15b),
resulting in the formation of few-layered black-P flakes within
20 seconds.”** Delamination of bulk black-P is primarily driven
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by intercalation of large-sized hexadecyltrimethylammonium
cations (CTA") into the interlayer of black-P, which then decom-
pose into gaseous bubbles at a negative potential, further improv-
ing the cathodic exfoliation of black-P.>*>**® The interface-assisted
strategy is useful for the synthesis of 2D materials.”*” Our group
has developed a cathodic electrochemical exfoliation method
which uses the plasma-liquid interface to facilitate the transfer
of active species and initiate chemical reactions in solution.?*®
This method allows for mass production of few-layered black
phosphorene in pure N,N-dimethylformamide (DMF) without
any intercalating agents. The entire exfoliation process can be
completed in merely five minutes with a yield of ~63%. During
exfoliation, the plasma and DMF molecules interact strongly to
form a series of cationic species. These species are drawn towards
the cathode black-P crystals under the action of electric field and
intercalated into the interlayer. Afterwards, these cationic species
decompose into gaseous bubbles, causing the black-P crystals to
expand and the phosphorene nanosheets to separate. The plasma-
liquid exfoliation system has the advantage of being easily scalable
and cost-effective, making it a viable option for commercial
production of black phosphorene.

Plasma etching is an alternative strategy for preparing large-
size black phosphorene. Lu et al. have reported a combination
approach of mechanical cleavage and Ar" plasma treatment to
produce stable monolayer phosphorene.?*® Subsequently, ozone
etching has been used to prepare black phosphorene for effi-
cient and precise control over the thickness of Black-P flakes
(Fig. 15d).>*° By adjusting the flow velocity of O, in the reactor
vessel, an average etching rate of 12 + 2 nm h™" or 0.40 +
0.07 layer min~" can be achieved, allowing for near-monolayer
control.>*° However, ozone molecules generated by O, photo-
lysis partially oxidize black-P, necessitating an additional step of
oxide removal to obtain pristine black phosphorene. This can be
accomplished by rinsing with deionized water and then blow-drying
with N,. This clean-up procedure also results in phosphorene with
good resistance to ambient oxidation (Fig. 15e). However, plasma
etching operates on a large scale, and laser oxidation is spatially
constrained by optical diffraction, resulting in either the unavail-
ability or significant difficulty in achieving nanoscale thinning and
patterning.>*' Scanning probe nanolithography is well known
for its high spatial resolution, which makes it a potential
solution to overcome the limitations of plasma etching and
laser oxidation.>** Liu et al. have used conductive force micro-
scopy (CAFM) to accomplish lateral nanopatterning and layer-
by-layer thinning of black-P (Fig. 15f), and the checkerboard
pattern is produced on a newly exfoliated black-P crystal.>** The
height of the pattern protrusions increases in proportion to the
applied bias voltage during contact-mode CAFM scanning
(Fig. 15g). However, inevitable oxidation of black-P during the
process as well as the high cost of CAFM probe consumption
limit the widespread use of this technology.

Bottom-up methods. Chemical vapor deposition (CVD) is a
commonly used bottom-up method to synthesize high-quality
thin films of 2D materials. This requires volatile precursors
in controlled reactions or decomposition onto the substrate

This journal is © The Royal Society of Chemistry 2023
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surface under specific atmospheres, temperatures, and pressures.”**
Smith et al. have demonstrated an in situ CVD method for growing
black-P films on a silicon substrate.>* Initially, an amorphous red-P
film is vapor-deposited onto the substrate, which is then heated
in the presence of an Sn/Snl, (10 mg) mineralizer under an Ar
atmosphere and high pressure (27.2 atm).>** This process results
in the direct growth of black-P films with varying thicknesses on
the silicon substrate. Nevertheless, this method may encounter
uncontrolled nucleation and incomplete conversion issues
throughout the growth process. To achieve effective nucleation
and spatial control, Zhang’s group have utilized polyphosphide
Au;SnP; as nucleation seeds to grow large-area black-P thin films
on silicon substrates (Fig. 16a).>*> Au,SnP, is a suitable
nucleation seed for black-P epitaxial growth because its lattice
plane (010) matches the (100) plane of black-P. The process
involves three stages: precursor evaporation, AuzSnP; formation,
and black-P nucleation and growth. The process begins by
depositing a gold film on the silicon substrate and heating it
with precursors (Red-P, Sn, and Snl,) to 750 °C for 1 hour in an
evacuated quartz tube, where red-P evaporates and transforms
into P, molecules, and Snl, decomposes into Sn and I,. The
temperature is then lowered to 500 °C, leading to the formation
of dispersed AusSnP; (Fig. 16b) on the silicon substrate through
a series of chemical reactions between excessive red-P, Sn, and
gold films. Due to lattice plane matching, vaporous P, molecules
are continuously deposited on the surface of Aus;SnP;, completing
the nucleation of black-P (Fig. 16c). As the temperature decreases,
P, molecules fully transform into black-P, and small black-P
nanosheets spatially grow over the nucleation center (Fig. 16d),
expanding and fusing to ultimately form a large-area black-P thin
film with a lateral size of over 200 pm and a thickness of ~150 nm
(Fig. 16€). The resulting black-P films have a flawless orthogonally
symmetrical structure with high crystallinity and purity, as well
as an exceptional field effect and Hall mobility of over
1200 cm® V' s7* and 1400 cm* V' s~ at room temperature,
respectively.”®> Researchers have addressed the nucleation
challenge of black-P films on substrates. However, controlling the
lateral growth of these films is difficult due to the complexities in
managing the vapor pressure of P, molecules, leading to limited
domain sizes of only a few hundred nanometers. To resolve this
issue, the group has recently implemented a sustained feedstock
release strategy for synthesizing single-crystal black-P thin films,
focusing on promoting the lateral growth mode at low nucleation
rates.”*°

Under quasi-static equilibrium conditions and a continuous,
stable P, supply, individual domains progressively expand into
millimeter-sized single-crystal black-P films. Subsequently,
these films merge to form centimeter-sized, continuous black-
P films, covering nearly the entire Si/SiO, substrate. The as-
grown black-P single-crystal film exhibits outstanding single
crystallinity, as evidenced by the full-width at half-maximum
of the (040) reflection rocking curve, measured at ~0.08° using
high-resolution XRD.?**° Furthermore, the film has a remarkable
carrier mobility of around 6500 cm® V' s~ " at low temperature.
This study marks the first observation of Shubnikov-de Haas
oscillations in directly grown black-P films.
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Pulsed laser deposition (PLD) is an approach that involves a
laser to irradiate the target to deposit materials onto a sub-
strate, resulting in the formation of a thin film or multilayer
structure.>*” By employing a pulsed laser, large black-P clusters
can be formed within the transported physical vapor, which
reduces the formation energy and allows for the growth of
centimeter-scale black-P thin films.>****° Yang et al. have used
the PLD approach to fabricate wafer-scale black-P films with
controllable thicknesses ranging from 2 to 10 nm.**° During
the synthesis process, the substrate temperature is held at
150 °C. A KrF pulsed laser operating at a repetition rate of
5 Hz is used to irradiate the black-P bulk crystals. To achieve
uniform film growth, both the black-P crystals and substrate
are continuously rotated. However, structural characterization
reveals that the as-synthesized black-P films are highly
disordered and have an amorphous nature. By utilizing a black-
P single crystal as the target source, Wu et al. have developed a
controlled PLD method to grow centimeter-scale black-P ultra-
thin films on mica substrates, as demonstrated in Fig. 16f.>*° The
resulting black-P films are firmly deposited onto the 1 cm” mica
surfaces and the thickness can be accurately modulated by
varying the number of laser pulses (Fig. 16g). Throughout the
growth process, the vaporous black-P clusters generated by laser
irradiation are uniformly dispersed over the homogenous mica
surface, facilitating the thermodynamically-driven unidirectional
growth and intermingling of small black-P nanosheets to form a
large-area film. As observed by high-resolution TEM, the
as-grown black-P film exhibits high ordering of phosphorus
atoms with no apparent crystal defects (Fig. 16h). The lattice
constants in the zigzag and armchair directions were measured
to be 3.30 and 4.55 A, respectively, indicating an orthorhombic
phase for the black-P film (Fig. 16i). The selected-area electron
diffraction (SAED) pattern confirms the presence of a typical
orthorhombic lattice of black-P with the homologous fourfold
symmetry (Fig. 16j). This work addresses three critical challenges
that have impeded the production of high-quality black-P thin
films by deposition-based methods. First, traditional deposition
methods often yield black-P films that are relatively thick
(>10 nm), suggesting that the resulting black-P has bulk crystal
properties rather than the desired two-dimensional features. This
work, however, successfully produces few-layered black-P films
with a thickness of ~1.1 nm for the bilayer. Second, earlier
attempts in growing black-P films resulted in films with limited
crystallinity, whereas the lattice structure of the black-P films
grown in this work is highly ordered and devoid of significant
crystal defects. Third, this work extends the lateral area of high-
quality black-P films to the centimeter scale, facilitating the
manufacture of wafer-scale optoelectronic and electrical devices
based on black-P.

Wet chemical synthesis is an effective bottom-up approach
known for its ease of use, versatility, high yield, and remarkable
reproducibility.*>' Some studies have claimed successful synthesis
of black-P nanosheets by this method.>**>** However, the wet
chemical method for synthesizing black-P nanosheets often encoun-
ters challenges of partial oxidation and poly-phosphorous phase
complexes. XRD analysis of the resulting structures commonly
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Fig. 16 Typical bottom-up methods for black-P film preparation. (a) Scheme of epitaxial nucleation and lateral growth process of black-P films. (b) SEM
image of AuzSnP; grown on a silicon substrate. The inset shows the lattice structure of AuzSnP;. (c) Cross-sectional HRTEM image of a layered black-P
nanosheet grown on AusSnP5. (d) Optical image of the fusion of small black-P nanosheets to form a large-area film. (e) Optical image of a black-P film
grown on a silicon substrate with a lateral size over 200 pm. Reproduced with permission from ref. 245. Copyright 2020 Nature Publishing Group. (f)
Scheme of a controlled PLD method for few-layered black-P film growth. (g) Photographs of bare mica and as-synthesized centimetre-scale black-P
films of different thicknesses. (h) Plan-view HRTEM image of a few-layered black-P film. (i) Detailed HRTEM image of the lattice structure of black-P films.
() The corresponding SAED pattern of black-P films. Reproduced with permission from ref. 249. Copyright 2021 Nature Publishing Group.

reveals broad peaks with amorphous features, indicating the characterization results demonstrating the efficacy of wet chemical

presence of impurities. Consequently, the synthesized nanosheets  synthesis in producing crystalline black-P nanosheets.
cannot be considered strictly crystalline black-P. To the best of our 4.1.3 Black phosphorus nanoribbons. Shaping materials into
knowledge, currently there is a lack of definitive XRD and TEM one-dimensional nanoribbons subjects two of their dimensions to
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quantum confinement effects to bring forth novel phenomena and
applications. Black phosphorene is an unusual anisotropic two-
dimensional material that exhibits exceptional anisotropic proper-
ties in thermal conductivity and carrier transport.'®® Top-down or
bottom-up synthesis often produces black phosphorene with
narrow and uniform widths.”>> To explore the exotic properties
of black phosphorene in particular orientations, precise and
efficient separation of black-P nanoribbons with specific chirality
is crucial. However, synthesizing black-P nanoribbons is a challen-
ging task, as many methods developed to produce graphene
nanoribbons are not directly applicable to black-P nanoribbons
due to their intrinsic chemical reactivity. Fortunately, researchers
have made progress in developing three different types of methods
for synthesizing black-P nanoribbons, namely nano-etching,
liquid-based exfoliation, and CVT.

Nano-etching of black-P nanoribbons is achieved by electron
beam lithography, reactive ion etching, and scanning TEM
nano-sculpting techniques. In 2015, Lee et al. reported the
successful fabrication of black-P nanoribbons with desired
width and length through the use of electron beam lithography
and reactive ion etching.'’® The process involved placing an
exfoliated black-P flake on a SiO, substrate, followed by spin-
coating PMMA on the flake for electron beam lithography in
either the armchair or zigzag direction. Reactive ion etching
(90% SFe and 10% O,) was then used to eliminate the exposed
black-P stripes, and PMMA protective stripes were removed
with acetone to obtain black-P nanoribbons (Fig. 17a).
However, the produced nanoribbons had a thickness of ~50 nm
and width within the range of 500 nm, resulting in their electronic
properties being similar to those of black-P in its bulk form. To
produce atomic-thick black-P nanoribbons, a scanning TEM nano-
sculpting technique has been reported to synthesize sub-10 nm
wide black-P nanoribbons composed of a few layers.>*® However,
this method has low throughput, making it challenging to produce
black-P nanoribbons in large quantities. Feng et al. have utilized
reactive ion etching to prepare anisotropic black-P nanoribbon
field-effect transistors (Fig. 17b).>®” This process allows for precise
positioning of the nanoribbon and control of its width (~60 nm)
and height (~ 3 nm) (Fig. 17¢). However, the reliance on exfoliated
black-P flakes and need for crystallographic alignment still limit
the potential of this etching technique in practice.

In 2019, Watts and colleagues introduced a novel approach
for synthesizing high-quality black-P nanoribbons on a large
scale.*®® Their method relied on the combination of lithium
intercalation and liquid exfoliation and involved two steps.

Black-P bulk crystals are first immersed in an aprotic
lithium-ion solution at —50 °C for 24 hours, resulting in the
intercalation of lithium into black-P. After ammonia is removed,
the intercalated black-P is transferred to a glovebox and added to a
vial containing NMP. The resulting mixture is sonicated for 1 hour
and then centrifuged at a low speed to obtain a black-P nanor-
ibbon solution (Fig. 17d). These nanoribbons exhibit a predomi-
nantly monolayer thickness, widths ranging from 4-50 nm,
lengths up to 75 pm, and aspect ratios of up to 1000 (Fig. 17e
and f). The nanoribbons are highly ordered and align well
along the zigzag crystallographic orientation (Fig. 17g and h).

This journal is © The Royal Society of Chemistry 2023

View Article Online

Chem Soc Rev

The responsible mechanism for the formation of black-P nano-
ribbons involves the difference in diffusion kinetics between
the armchair and zigzag directions.>*>*¢° Specifically, the pre-
ferred diffusion of alkaline metal ions in the zigzag direction
creates a strain between intercalated and non-intercalated
regions. This strain eventually leads to the breakage of the
longer armchair P-P bonds, resulting in the formation of
stripes oriented in the zigzag direction. Using this method,
McDonald et al. synthesized black-P nanoribbons and utilized the
nanoribbons in photovoltaic devices.”** A recent report demon-
strated an alternative method for the synthesis of black-P nanor-
ibbons, utilizing an electrochemical-based sodium intercalation
process. The resulting nanoribbons have a constrained width of
10.3 £ 3.8 nm and a length of 250 £+ 156 nm. The width of the
nanoribbons obtained by this method is narrower compared to
that of the nanoribbons prepared by Watts et al.>*® Furthermore,
this electrochemical-based method eliminates the requirement for
cryogenic conditions (—50 °C), making it more cost-effective and
readily scalable for the synthesis of black-P nanoribbons. Other
electrochemical-based exfoliation approaches have also been
developed to synthesize black-P nanoribbons. For example, Liu
et al®® have synthesized zigzag-phosphorene nanobelts by an
electrochemical method with oxygen-driven BF, intercalations.
Yu et al.?*® have optimized the electrochemical exfoliation condi-
tions and employed two different types of quaternary ammonium
salt cations (TPA and THA) as intercalating agents in the prepara-
tion of zigzag black-P nanoribbons with a yield of over 80%.

The bottom-up CVT method has been recently reported as
an alternative to the top-down synthesis methods to produce
black-P nanoribbons. Wang’s group developed a one-step CVT
method for the synthesis of black-P nanoribbons under mild
conditions.?®* The process involves heating commercial red-P
with iodine precursors at a rate of 2 K min~' in a sealed quartz
ampoule to 873 K. The temperature is maintained for 2 hours,
followed by cooling to 738 K after 490 minutes and keeping for
another 2 hours before natural cooling to room temperature.
Ultimately, the black-P nanoribbons are grown at the bottom of
the ampoule. The nanoribbons are several tens of microns in
length, ~400 nm in width, and ~20 nm in thickness. Macewicz
et al. optimized the CVT synthesis method of producing black-P
nanoribbons and introduced a two-step process involving CVT
growth of black-P columns, followed by ultrasonic treatment and
centrifugation.”®® The process is initiated by placing red-P, Sn, and
Snl, precursors at one end of a vacuum quartz ampoule with the
silicon substrate being positioned on the other end (Fig. 17i). To
maintain the CVT process, a temperature gradient of 50 °C is
maintained between the precursor and silicon substrate during
heating (Fig. 17j). After the reaction, a uniform layer of columnar
black-P is formed on the substrate surface. The columnar black-P is
then transferred to a beaker containing DMF and sonicated for 10
minutes (Fig. 17k), after which black-P nanoribbons are collected by
centrifugation. The black-P nanoribbons have an aspect ratio in the
range of a few hundred with the majority of the columns having a
width of up to 1.5 pm and length of more than 500 pm.

Overall, nano-etching is capable of producing black-P nano-
ribbons with different crystallographic orientations, but achieving
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scale bar is 5 nm™L. Reproduced with permission from ref. 258. Copyright 2019 Nature Publishing Group. (i) Scheme of CVT-growth of black-P columns.
() Temperature profile of the CVT heating process. (k) Scheme of nanoribbon formation through ultrasonic treatment. Reproduced with permission from
ref. 265. Copyright 2021 American Chemical Society.

precise control over the thickness and width at the atomic level
remains challenging. Liquid-based exfoliation methods, including
ion intercalation and electrochemical exfoliation, can lead to the
fabrication of high-quality black-P nanoribbons on a large scale,
but the nanoribbons obtained are predominantly oriented along
the zigzag direction. CVT synthesis offers a relatively straight-
forward experimental procedure, but effectively separating the

5416 | Chem. Soc. Rev,, 2023, 52, 5388-5484

nanoribbons from impurities during crystal growth is an obstacle.
It is anticipated that further improvement of existing methods or
emergence of new ones will hasten the incorporation of black-P
nanoribbons into real-world applications.

4.1.4 Black phosphorus quantum dots. Ultra-small quan-
tum dots (QDs) have three dimensions on the nanometer scale
and possess distinctive electronic and optical properties as a
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result of high quantum confinement and edge effects.>*®
In 2015, Zhang’s group reported ultrasonic exfoliation for
preparing black phosphorus quantum dots (BPQDs).>*’ In the
standard synthetic procedure, 5 mg of black-P crystal powder is
ground with 1 mL of NMP solvent for 20 minutes. The mixture
is placed into a glass vial with 3 mL of NMP and sonicated in an
ice bath at 200 W for 3 hours. Subsequently, the product is
separated from the reactants by centrifugation. The as-
synthesized BPQDs display a stable dispersion in NMP and
their lateral size and thickness are determined to be 4.9 +
1.6 nm and 1.9 £ 0.9 nm, respectively. However, ultrasmall
BPQDs exhibit partial oxidation as evidenced by the presence of
an O signal in XPS. This can be attributed to the air instability
of black-P, particularly in the case of quantum dots.”*® Our
group has also developed a two-step sonication method to prepare
a water-stable suspension of BPQDs with an average lateral size of
~2.6 nm and a thickness of ~1.5 nm (Fig. 18a-c).>*® The process
begins with probe sonication of black-P crystal powders in an NMP
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— | R | ey
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solution to obtain black-P nanosheets. The nanosheets are then
exfoliated into BPQDs through ice-bath sonication and trans-
ferred to a water solution for further PEGylation. The combi-
nation of probe and ice-bath sonication significantly increases
the product yield, while using only one of them results in the
formation of uneven black-P nanosheets. This work resulted
in the successful synthesis PEG-modified BPQDs with improved
stability for the BPQDs in physiological environments
(Fig. 18d), including phosphate-buffered saline (PBS) and cell
culture media. This makes them highly promising in biomedi-
cal applications.">*’°"*”> In addition to NMP, several organic
solvents have been utilized in the preparation of BPQDs, for
example, dimethyl-formamide (DMF),>”® isopropanol (IPA),>"*
and N-vinyl pyrrolidone (NVP).>”®

Electrochemical exfoliation with bipolar electrodes for the
synthesis of BPQDs has been developed. In 2016, Mayorga-
Martinez and co-workers devised a simple electrochemical
exfoliation-based approach to prepare black-P nanoparticles,
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yielding nanoparticles with a size ranging from 40 to 200 nm.>”®
Two years later, Tang et al. succeeded in preparing fluorinated
BPQDs (F-BPQDs) using an electrochemical exfoliation and
synchronous fluorination technique.?”” This process involves
using black-P bulk crystals as the working electrode in a sealed
three-electrode electrochemical system, where 1-ethyl-3-methyl-
imidazolium tetrafluoroborate ((EMIM][BF,])/acetonitrile (MeCN)
serves as the electrolyte.>”” Application of a +8 V voltage against a
Ag wire anode initiates a series of chemical reactions in solution,
leading to gradual exfoliation of black-P and electrolysis of BF,~
to generate BF; molecules and F~ anions. The resulting BF;
molecules form donor-acceptor bonds with MeCN, while the F~
anions synchronously exfoliate BPQDs. The as-synthesized
BPQDs exhibit robust environmental stability, allowing them
to withstand persistent ambient exposure for up to 7 days due to
the hindrance of charge transfer from the phosphorus atoms to
external oxygen, induced by fluorine adatoms.>””

Ball milling is a viable choice for the synthesis of BPQDs.
Ren et al. have developed a liquid-phase high energy ball
milling (HEBM) and centrifugal separation process to synthe-
size brown transparent BPQDs ethanol suspensions, as shown
in Fig. 18e.>’® First, the HEBM approach is used to prepare
black-P powders from amorphous red-P which are then placed
in a sealed stainless ball milling jar containing ethanol and milling
balls. The milling procedure is carried out at 600 revolutions per
minute for 6 hours. After centrifugation and dispersion, the BPQD
solution is mixed with various polyhydric alcohols to enhance the
stability in aqueous environments. The as-prepared BPQDs show
stable dispersion in ethyl alcohol and ethylene glycol, with an
average lateral size of 6.5 &+ 3 nm and a thickness of 3.4 £+ 2.6 nm.
Interestingly, BPQDs can also be fabricated by utilizing a house-
hold kitchen blender to generate a high turbulent shear rate for
layer-by-layer disassembly (Fig. 18f).””° Using DMSO as a stabilized
solvent, black-P bulk crystals are processed for 40 minutes in a
household kitchen blender set to 17 000-21 000 rpm. The high-
shear turbulence gradually peels off and disintegrates the black-P,
ultimately resulting in the formation of the BPQDs suspension.

Pulsed laser ablation with high peak power densities (usually
>10" W cm™?) and ultra-short periods (femto- and nano-
second) has been applied for the exfoliation of 2D materials
and production of their low-dimensional structures.**® Some
studies have demonstrated that this approach can be utilized to
prepare BPQDs. Ge et al. have synthesized phosphorene quan-
tum dots (PQDs) by pulsed laser ablation of a bulk black-P target
in diethyl ether.?®° Diethyl ether molecules are cleaved by laser
ablation to passivate the surface and edges of the phosphorene
domains. The PQDs exhibit strong photoluminescence in the
blue-violet range, with an average lateral size of ~7 nm. Ren and
co-workers have fabricated a few-layered BPQDs using pulsed
laser ablation of black-P bulk crystal in isopropyl ether.”®’
A neodymium-doped yttrium aluminum garnet (Nd:YAG) pulsed
laser with a repetition rate of 10 Hz and wavelength of 1064 nm is
used in the experiment.”®' The ablation process lasts for about 30
minutes and the BPQDs exhibit a higher photoluminescence
quantum yield (~20.7%) than PQD (11.92%),”*° showing
potential in cell bioimaging.
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4.2 Synthesis of red phosphorus

4.2.1 Red phosphorus in the bulk form. Currently, amor-
phous red-P is the most commercially available EPM. This
section centers on the synthesis of amorphous red-P, but it
should be noted that the earlier literature on red-P synthesis
may have included a mixture of crystalline red-P, as the con-
firmation of its lattice structures and phonon properties has
only recently been established.*®%%12°

Using white-P as starting materials, early synthesis of red-P
often involves the pyrochemical method, which requires tem-
peratures over 250 °C in the absence of air.?” Vvedenskii and
Frost studied the reaction kinetics of thermal conversion and
claimed that the conversion of melted white-P to red-P followed
a first-order reaction in the temperature range of 176-373
However, the increasing trend of constants with a rise in the
percentage conversion at temperature below 263 °C suggests an
autocatalytic conversion. To validate this phenomenon, DeWitt
and co-workers conducted more experiments on the reaction
kinetics in 1946.%%2 The reaction mixture initially comprises
red-P particles suspended in white-P. As the reaction progresses
and the percentage conversion reaches approximately 50%, the
particles grow in number and size forming a semi-fluid before
forming a solid product. The reaction in the temperature range
of 250-350 °C strictly follows a first-order rate law, with an
activation energy of 37800 calories per mole. In addition,
it is noted that addition of iodine or sulfur has a significant
accelerating effect on the thermal conversion process. However,
this effect is only noticeable in the initial stages and rapidly
diminishes, resulting in the conversion proceeding at a rate
similar to that without accelerators.

In contrast to the pyrochemical method of red-P synthesis,
electromagnetic radiation utilizes a gentler synthetic approach
to convert white-P to red-P (Fig. 19a, route a).>** Linus Pauling
had proposed that red-P can be formed from white-P by
cleaving a single bond in each P, molecule, resulting in an
expansion of the unit into a figure comprising two equilateral
triangles with a shared base.'® The two apical phosphorus
atoms in each P, unit can then bond with similar phosphorus
atoms in neighboring P, complexes, leading to the formation of
long chains of bonded atoms and ultimately the formation of
red-P. The formation of red-P from white-P is easier than that
of black-P because breaking a single bond is sufficient to
convert each P, unit into red-P, whereas the formation of
black-P requires breaking of three out of the six bonds in each
P, unit.'®® A. Pedler and G. Rathenau have published two
seminal papers demonstrating how light triggers the conversion
of white-P to red-P.****® These studies reveal two mechanisms
that drive the transformation through light activation. One
mechanism involves the symmetry cleavage of the P, tetra-
hedron and subsequent rearrangement of P, into the final
polymeric red-P.>®* The other mechanism, which occurs in
non-polar media, involves a radical process.?®® The dispersed
phase also influences the concentrations of P, and P,. When
white-P is heated to 1000-1500 °C in an inert atmosphere, the
resulting gas is a mixture of P, and P, molecules, with their vapor
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pressure ultimately reaching equilibrium (Fig. 19a, route f),*5*2%”
but when the dispersed phase is a solution at room temperature,
P, molecules are photolyzed to P,.>*® M. Kraft and V. Parini have
described a photochemical reaction between white-P and alkyl
iodides at 20 °C, yielding a small quantity of red-P containing
organic molecules.”® D. Perner and A. Henglein have carried out a

View Article Online
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similar reaction of white-P with alkyl (or aryl) iodides in CCl,
under y-°°Co at temperatures ranging from 20 to 140 °C.%°° The
primary product is red-P (79%) at 25 °C, but the primary product
is alkyl-phosphorylated derivatives (80%) at 130 °C. However,
when white-P is subjected to visible light up to 100 °C, red-P
becomes the primary product. There seems to be a more
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sophisticated mechanism behind the transformation of white-P
into red-P through electromagnetic radiation, and a further
study is necessary.

4.2.2 Red phosphorus nanosheets. The thermal decompo-
sition method can lead to the preparation of nano-powders with
particular morphologies by decomposing substances at high
temperatures.>®" Thermal decomposition can be used to fabri-
cate ultrathin red-P nanosheets.>*> For instance, 5 g of sodium
hypophosphite monohydrate (NaH,PO,-H,0) is sealed in a
quartz tube with silicon wool at both ends and then calcined
at a heating rate of 3 °C min~" for 2 hours at 250 °C (Fig. 19b).
The samples have a disordered structure with no apparent
lattice fringe, indicating an amorphous nature. However, TEM
reveals only partial layered structures at the edge and wrinkles
on the surface, suggesting aggregation of nanosheets, which
would hinder practical use due to insufficient separation.

Ultrasound-assisted liquid exfoliation can be utilized to
prepare highly dispersed red-P nanosheets. Water exfoliation is
carried out to produce ultra-thin red-P from commercial red-P
(Fig. 19c¢), with the resulting nanosheets being highly dispersed
and having an average thickness of ~1 nm (Fig. 19d-e).”> When
a similar liquid exfoliation process is conducted using probe
ultrasonication in the NMP solvent, red-P porous nanosheets are
produced (Fig. 19f).>°* This is because of the strong synergistic
effects of NMP and ultrasonication facilitating layered exfoliation
and partial surface fragmentation of bulk red-P, leading to the
formation of nanosheets with porous topologies. In contrast, bulk
red-P exfoliated in a water solution displays insufficient fragmenta-
tion and fails to form porous structures. To further assess the
suitability of red-P nanosheets with dispersants and the role of NMP
in ultrasonication, other solvents are used in exfoliating nanosheets
(Fig. 192).*** However, the nanosheets are found to be unstable in
these solvents and visible deposition occurs to varying degrees after
three days. On the other hand, the nanosheets can remain stable in
the NMP solvent for over three months, thus confirming the
superior stability of NMP in the red-P exfoliation systems. However,
the specific interaction between bulk red-P and solvents of varying
polarity requires further elucidation.

While red-P nanosheets prepared by liquid exfoliation have
shown potential for a variety of applications, they suffer from
issues such as sheet-edge corrosion and uncontrollable size.
Fortunately, an alternative method using amine-induced wet
chemical synthesis has made significant progress in the pro-
duction of red-P nanosheets.**>*” This method involves a
nucleophilic attack on phosphorus sources, which triggers
the breakage of the P-P bond and the formation of polypho-
sphoric ions (P, ). Subsequent treatment with water and acid
replaces external ions with electrophiles, resulting in the
decomposition of P, to form red-P nanosheets. Recently, Mo
and colleagues have described a unique wet-chemical approach
for the synthesis of red-P nanosheets through a cysteine-
mediated redox reaction and demonstrated their potential for
anticancer applications (Fig. 19h).>°® In this method, phos-
phorus triiodide (PI3) serves as the phosphorus source, while
L-cysteine (t-Cys) acts as the reductant. The confinement mate-
rial CATB and stabilizer PVP are also employed. Through a mild
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redox reaction between PI; and 1-Cys, phosphorus atoms are
gradually released and then assembled into nanosheets. The
optimal concentration of CATB is critical in the process, since it
suppresses red-P natural 3D growth, allowing for 2D growth
instead. The weakened reduction, combined with the appropriate
confinement material, enables a mild reaction equilibrium, result-
ing in the formation of high-quality red-P nanosheets. TEM and
AFM reveal that the RPNSs are atomically flat with a thickness of
around 1.7 nm (Fig. 19i and j). Moreover, this method enables
doping of metal atoms in red-P nanosheets to regulate the basic
properties and expand the applications.

4.2.3 Red phosphorus quantum dots. Ultrasonic exfoliation
is a common method to synthesize red phosphorus quantum
dots (RPQDs). Compared to black phosphorus quantum dots,
RPQDs exhibit moderate reactivity, making them suitable for
composite formation and providing excellent stability under
ambient conditions. RPQDs show significant potential in energy
and biomedicine applications highlighting their versatility.

Song et al. have developed a drug delivery platform by
constructing a nanocomposite of bismuthene and RPQDs for
synergistic photothermal/photodynamic/chemotherapy.””® The
nanocomposite is synthesized through an electrostatic assembly
of exfoliated bismuth nanosheets and RPQDs, followed by PEGy-
lation and loading of the organic drug molecule DOX (Fig. 20a).
RPQDs are prepared by dispersing 0.5¢ of red-P powder and 0.2g
of triphosphate in water and subjecting them to sonication in an
ice bath for 10 hours, followed by centrifugation and filtration.
The resulting RPQDs are then PEGylated to make them more
suitable for physiological conditions and the average diameters
of RPQDs before and after PEGylation are around 2.5 and
55 nm, respectively. The combination of bismuthene and
RPQDs exhibits synergistic effects achieving photothermal con-
version efficiencies of 54.2% and 38.5% upon 1064 nm and
808 nm (1.5 W cm ™ ?) laser irradiation, respectively.

Jia and colleagues have reported in situ growth of single-atom
nickel on the surface of RPQDs using the ultrasonic method.>*
In the process, commercial bulk red-P is first ground into fine
particles, followed by hydrothermal treatment to remove the
oxide layer from the surface. The purified red-P and NiCl,-6H,0
are introduced to 100 mL of NMP and sonicated in an ice bath for
48 h to form the nanocomposite Ni-RPQD (Fig. 20b). TEM
demonstrates successful synthesis of a homogeneous nanocom-
posite with a particle size of around 2.7 nm (Fig. 20c and d). The
uniform distribution of single-atom Ni is attributed to the unique
coordination of single atoms docked with P vacancies on the
RPQD surface, which is supported by significant reduction of the
electron paramagnetic resonance signal and high-angle shift in
the XRD patterns (Fig. 20e and f). The Ni-P bond potentially
serves as an electronic antenna to promote facile extraction and
transfer of charges. Furthermore, incorporation of Ni single
atoms reduces the bandgap and enhances light absorption to
improve photocatalytic activity under visible light irradiation.**

4.3 Synthesis of fibrous phosphorus

4.3.1 Fibrous phosphorus in the bulk form. CVT is a straight-
forward and efficient approach to synthesize high-quality bulk
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crystals of fibrous-P. In the process, the source (amorphous red-
P) is transported to the substrate or inner wall of the ampule in
the low-temperature zone, where it crystallizes with the aid of
transport agents. These agents are generally pure halogen
elements or their compounds, which chemically interact with
the source to form easily vaporizable compounds for efficient
crystallization.>* In 1969, Thurns et al. were the first to develop
a method for red-P fiber production by annealing white-P at
temperatures of up to 580 °C for a few months.** They noticed

This journal is © The Royal Society of Chemistry 2023

the formation of red-P bundles, which took the form of capillary
fibers, alongside plate-like violet-P crystals in the reaction kettle.
Afterwards, Ruck and co-workers produced dark red fibrous-P
needles by the iodine-catalyzed recrystallization of red-P
resources.®® To obtain optimal products, a mixture of 1.0 g of
red-P and 40 mg of I, is heated in a fused-silica ampule in the
temperature range of 570-590 °C for a few days. Although
red-P sublimation is possible without catalysts, it occurs more
slowly due to the kinetic hindrance of gas phase formation.
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The fibrous-P crystals obtained were subjected to single-crystal
XRD and TEM characterization to verify the fiber structural
model previously proposed by Thurns et al.**%®

Ruck’s detailed experimental synthesis procedure for
fibrous-P bulk crystals using the CVT approach has become a
widely adopted practice. Researchers have utilized various
iodine-containing transport agents in experiments to improve
the short-distance transport reaction and obtain high-purity
fibrous-P crystals. Smith et al. developed a two-step method for
producing ultra-long and uniform fibrous-P nanowires.>*> They
first prepared thin films of red-P on a SiO,/Si wafer, and then
heated a mixture of purified red-P (110 mg), Snl, (15 mg), and
Sn powder (30 mg) in a sealed ampoule with the red-P-coated
silicon wafer plate to 630 °C for 1 hour, followed by pro-
grammed cooling. The resulting fibrous-P nanowires have a
diameter of 300-800 nm and a length of over 1 mm. However,
the nanowires are found to be sensitive to air due to their larger
specific surface area and the presence of other crystalline forms
of red-P. Other iodine-containing transporters such as Cul and
Sbl; are also found to produce other phosphorus allotropes
besides fibrous-P. To obtain single-phase fibrous-P crystals,
Nilges’ group substituted the iodine-containing transport
agents with chloride compounds and used CuCl, as an assist-
ing agent.>*® They designed a temperature-control program
that involves heating the precursors to 550 °C within 8 hours,
followed by holding the temperature for 15 hours, cooling to
275 °C within 75 hours, maintaining this temperature for
1 hour, and finally cooling to room temperature within
75 hours.?®® This method leads to the production of fibrous-P
crystals in high yield with reasonable quality. However, not all
products synthesized by the CVT method have well-defined
fibrous structures and some crystals instead show different
morphologies such as bunches-like, nanowire, and urchin-
shaped structures.***° These diverse morphologies may be
attributed to the complex phase transformation that occurs
during the gas phase process and the dispersion interaction
between each tubular unit.

Aside from the transport agent, the vapor transport process
is highly influenced by the reaction conditions. Our group has
developed a low-temperature CVT method that effectively pro-
duces high-quality fibrous-P crystals on a large scale (Fig. 21a)."
In this process, amorphous red-P is transported in the presence
of iodine from a high-temperature region (480 °C) to a low-
temperature region (450 °C), where crystallization occurs within
a day. Compared to previous reports in which the typical tem-
perature is over 550 °C and annealing time lasts several days to
weeks, our method greatly reduces the overall reaction tempera-
ture and annealing time. In a single preparation, we are able to
obtain a total amount of 9.937 g crystals with a yield exceeding
99% (Fig. 21b and c). Mass production of fibrous-P bulk crystals
allows for exfoliation of fibrous-P nanoribbons, which will be
discussed in the next part. Yan’s group has investigated the
impact of growth kinetics on the crystallinity of fibrous-P in
the CVT reaction and found that the kinetics of CVT is regulated
by the rate-determining steps of gas convection and diffusion.
To obtain high-quality crystalline fibrous-P, it is important to

5422 | Chem. Soc. Rev, 2023, 52, 5388-5484

View Article Online

Review Article

©RP bulk

5

¢RP nanoribbons

T: ~8.5 nm
W:~105 nm

Fig. 21 Low-temperature CVT method for the preparation of fibrous-P
bulk crystals and nanoribbons. (a) Scheme of the low-temperature CVT
method. (b) Photograph and weight of the fibrous-P bulk powder.
(c) Photograph of the bulk powder under high magnification. (d) Photo-
graph of the fibrous-P dispersion before and after exfoliation. (e) TEM
image of fibrous-P bulk crystals and (f) nanoribbons. (g) AFM image of a
representative fibrous-P nanoribbon. For the sake of consistency, it should
be noted that the term “fibrous-P" is used throughout this review to refer
to the “triclinic crystalline red phosphorus (cRP)” mentioned in the original
text. Reproduced with permission from ref. 47. Copyright 2020 John Wiley
and Sons.

slow down gas convection and diffusion. To achieve this, there
are several strategies including reducing the amount of red-P
during the reaction, increasing the length of the ampoule, low-
ering the average reaction temperature, and designing a “neck”
on the ampoule to reduce the cross-sectional area and slowing
down the reaction rate (Fig. 22a).'®® These measures are effective
in modifying the growth kinetics of the CVT reaction, ultimately
leading to the production of high-quality and well-crystallized
fibrous-P crystals. Recently, Zhang et al have developed a low-
pressure CVT approach for the production of centimeter-scale
fibrous-P micropillar arrays without the use of transport agents.**
The approach utilizes directional phase transformation of
amorphous red-P at a specific temperature and pressure to
generate fibrous-P micropillar arrays by self-assembly. In con-
trast to traditional transport agent-assisted CVT methods, this
approach avoids nucleation aggregation induced by transport
agents, paving the way for the bottom-up synthesis of fibrous-P
microstructures and nanostructures.

Solution-based deposition of elemental phosphorus is an
alternative method to prepare low-cost and scalable fibrous-P
thin films. Ban et al. have demonstrated a wet chemical process
that utilizes soluble polyphosphides as precursors to generate
fibrous-P through moderate heating without the need for
external agents.>®” Amorphous red-P is the source in the poly-
phosphide synthesis and reacts with potassium ethoxide to

This journal is © The Royal Society of Chemistry 2023
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Fig. 22 Modification of the growth kinetics in the CVT reaction for the
preparation of fibrous-P bulk crystals and nanoribbons. (a) Scheme of a
“neck” on the ampoule in the CVT reaction. (b) Dispersion concentration
of fibrous-P nanoribbons versus solvent surface tensions. (c) Lambert—
Beer's plot at 2 = 650 nm of fibrous-P nanoribbons in IPA. (d) Photograph
of fibrous-P nanoribbon dispersions in different solvents. Reproduced with
permission from ref. 160. Copyright 2021 American Chemical Society.

produce a potassium mixture of polyphosphide powder. The
resulting polyphosphide powder is then refined by ethanol
dispersion and insoluble precipitate removal to eliminate
unreacted precursors and by-products. To fabricate fibrous-P
thin films, the polyphosphide solution is spin-coated or drop-
cast onto glass or Si/SiO, substrates followed by annealing for
30 minutes at 250 °C. The Raman signals of fibrous-P films
formed on glass and Si/SiO, substrates are almost identical,
indicating that fibrous-P formation is mainly due to the pre-
cursor itself rather than the precursor-substrate interaction.
However, similar to the issues encountered during the prepara-
tion of black-P crystals by wet chemical methods,*** fibrous-P
produced by this method lacks obvious lattice structures and
may contain mixed phosphorus phases. Hence, investigation of
the interaction between phosphorus clusters and solvents is
necessary to better understand the dynamic growth process of
crystalline phosphorus in solutions.

4.3.2 Fibrous phosphorus nanoribbons. Fibrous-P is an
intrinsic one-dimensional vdW material in which electrons are
confined in 1D sub-units.*® In contrast to black-P, preparation
of fibrous-P nanoribbons does not require deliberate control
over the size of the plane width. Instead, an external force can
be applied to break the vdW forces between the interlayers to
form unique nanoribbons.

Liquid-phase exfoliation is currently the primary method to
fabricate fibrous-P nanoribbons due to its scalability and high-
yield production. As aforementioned in the preceding section,
our group has developed a low-temperature CVT method
for mass production of high-quality fibrous-P bulk crystals.*”
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After dispersing these crystal powders in absolute ethanol and
performing probe sonication, the resulting supernatant
changes from colorless to a uniform orange color (Fig. 21d),
indicating the formation of a stable fibrous-P colloid solution.
The fibrous-P nanoribbons obtained from this solution are
compact, micro-pillar-like lumps, which are quite distinct from
the micrometer-scale fiber structures of the bulk materials
(Fig. 21e and f). The width of the nanoribbons is approximately
120 nm and lengths range from hundreds of nanometers to
several micrometers. The majority of the fibrous-P nanoribbons
have an aspect ratio greater than 10, with some having an aspect
ratio close to 100. AFM reveals that the thickness of a repre-
sentative fibrous-P nanoribbon is ~ 8.5 nm (Fig. 21g), indicating
that liquid-phase exfoliation can lead to the production of few-
layered fibrous-P nanoribbons. Hu et al. have proposed the
concept of fibrous phosphorene based on the feature that
fibrous-P can be exfoliated."*" Using N-cyclohexyl-2-pyrrolidone
(CHP) as the liquid-sonication solvent, they were able to prepare
fibrous phosphorene along the [001] direction with a thickness
of roughly 1.67 nm. Given that the [001] facet has an average
spacing of 0.583 nm,"*! the fibrous phosphorene should consist
of three layers. NMP is also used to exfoliate bulk fibrous-P. In
the process, single-layered phosphorene is observed, indicating
that NMP may have a greater exfoliation capability than CHP.
This study demonstrates that the choice of solvents plays a
critical role in the exfoliation of Fibrous-P.

To investigate the impact of solvents on the efficiency of
fibrous-P exfoliation, Yan’s group selected eight solvents with
different surface tensions, including isopropanol (IPA), DMSO,
NMP, DMF, formamide, ethanol, deionized water, and acetone
(Fig. 22d)."*° Each solvent shows a different exfoliation efficiency
and there is a broad linear relationship between the dispersed
concentration of nanoribbons and solvent surface tension
(Fig. 22b). Solvents with higher surface tension tend to have
stronger phosphorus-solvent adhesion, which stabilizes the
nanoribbon surface for a higher exfoliation efficiency.**® How-
ever, IPA and ethanol, which have relatively low surface tension,
also show efficient exfoliation due to the appropriate molecular
interaction with fibrous-P interlayers.**® Although formamide
has the highest exfoliation concentration, IPA is recommend as
the primary solvent for fibrous-P exfoliation due to its high
efficiency, low boiling point, ease of handling, and cost-
effective features. The yield of exfoliated nanoribbons in IPA
is 16%, and the dispersion extinction coefficient is measured to
be ~2087 L g ' m™ " under 650 nm incident light (Fig. 22c)."*°
Liu et al. have used the Hansen solubility parameters (HSPs) to
quantify the effects of the solvents on the exfoliation efficiency
of fibrous-P nanoribbons.?*® The HSP approach considers three
key parameters: oD (intermolecular dispersion force), 6H (inter-
molecular hydrogen bond), and JP (intermolecular polar
force).>'" The desired exfoliating solvent should have HSPs that
closely match those of fibrous-P. After comparing 19 common
solvents, acetone and 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-
pyrimidinone (DMPU) were found to be more suitable for
fibrous-P exfoliation. Moreover, the HSPs of a solvent can be
modified by varying the solvent ratios. The water/acetone
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mixture is chosen as the solvent because it covers the HSPs of
Fibrous-P, and both water and acetone are easy to remove
without leaving a residual solution. The optimal solvent mix-
ture for fibrous-P exfoliation is determined to be 10% water and
90% acetone, which yields 40% nanoribbons with a thickness
of less than 10 nm and 70% with a thickness of less than
20 nm. These results demonstrate the potential of HSP model-
ing in identifying suitable solvents for exfoliating 2D materials
and highlight the importance of solvent selection in the exfo-
liation process.

4.3.3 Fibrous phosphorus quantum dots. The ability to
downscale fibrous-P crystals from the bulk scale to the one-
dimensional nanoribbon scale has spurred interest in exploring
the potential to further downscale this material to zero-
dimensional quantum dots. This investigation provides a more
comprehensive understanding of the nanostructures of fibrous-P.
With this in mind, Amaral et al. have attempted to downscale
fibrous-P bulk crystals to the 0D nanoscale by synthesizing
fibrous phosphorus quantum dots (FPQDs).*'? Fig. 23a illustrates
the FPQD preparation process which includes grinding 30 mg of
fibrous-P bulk crystal into powder and adding it to a centrifugal
tube containing 35 mL of NMP. The solution is probe sonicated
for 7 hours at 300 W in an ice bath and subsequently centrifuged

a
T~
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7h /
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<D
—_—
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Fig. 23 Synthesis and characterization of FPQDs. (a) Scheme of the
fabrication procedure of FPQDs. (b) TEM, high-resolution TEM images,
and (c) statistical analysis of the size of FPQDs. The middle—upside and
middle—downside images have scale bars of 20 and 5 nm, respectively. (d)
XPS spectra of bulk fibrous-P and (e) FPQDs. (f) Photoluminescence
intensity of FPQDs was measured over 15 days, with excitation at 1 =
370 nm. The inset is a magnified view of the photoluminescence peak.
Reproduced with permission from ref. 312. Copyright 2020 American
Chemical Society.

5424 | Chem. Soc. Rev, 2023, 52, 5388-5484

View Article Online

Review Article

to segregate the FPQDs by size. As shown in Fig. 23b and c, the
FPQDs have an average lateral size of 3.8 £ 0.9 nm and a
thickness of 2.7 & 1.3 nm. High-resolution TEM reveals the good
crystallinity of FPQDs with a lattice spacing of 0.22 nm. However,
both XPS and FTIR indicate that the surface of FPQDs is more
susceptible to oxidation manifested by formation of P,O, salts
compared to the bulk crystals (Fig. 23d and e).>'? This is because
the nano-edges of the quantum dots expose more lone electron
pairs of the phosphorus atoms making them more vulnerable to
oxidation. Nevertheless, the O 1s XPS intensity of FPQDs is
lower than that of BPQDs,**”?"* suggesting that FPQDs are
more stable in air than BPQDs. The FPQDs dispersed in NMP
stored at room temperature remain stable for over two months
without aggregation. Even when exposed to air and light for
15 days, the fluorescence intensity from the FPQDs only
decreases by 6% (Fig. 23f).>'> This work provides important
insights into the synthesis and stability of FPQDs and potential
applications to the energy and environmental fields.

4.4 Synthesis of violet phosphorus

4.4.1 Violet phosphorus in the bulk form. The synthesis of
violet-P bulk crystals can be traced back to Johann Hittorf’s
thermal conversion experiment in 1865.%” In the experiment,
white-P is heated to 530 °C in a sealed vessel in contact with
lead while the top vessel temperature is maintained at 444 °C.
The opaque rhombohedral or monoclinic reddish-violet crys-
tals sublimate, and phosphorus recrystallizes from the molten
lead producing the red/violet allotropes.”®** The growth of
violet-P crystals is facilitated by molten lead which reduces
nucleation vacancies and grain boundaries due to the high
mobility of atoms on the liquid metal surface.*'®* However, on
account of the toxicity of lead, it is crucial to identify alter-
native, low-toxic, or non-toxic liquid metals for the synthesis of
violet-P crystals.

In 2019, Yu's group developed a thermal evaporation
method that utilized liquid bismuth nanodroplets to produce
large quantities of single-crystal violet-P microbelts measuring
up to 100 x 10 x 0.3 um”® (Fig. 24a).>'* The growth mechanism
of microbelts is shown in Fig. 24c. The process involves the
sealing of appropriate amounts of red-P and Bi powders in
vacuum quartz capsules and heating to 550 °C, inducing the
sublimation of the red-P precursor while Bi melts. At this
temperature, the molecular motion of the phosphorus vapor
becomes highly turbulent producing quick disturbances within
the capsule to impinge into the Bi droplets and stretch then
into nanodroplets. As the temperature drops to 300 °C, the
sublimed phosphorus progressively adsorbs onto the surface of
the Bi nanodroplets and nucleates, forming seed crystals that
eventually grow into nanorods.’’> Due to the high surface
energy of the nanodroplets, they tend to consolidate, causing
the nanorods to cohere and form a thicker crystal that gradually
expands into a microbelt. The Bi nanodroplets may depart
during growth and after cooling to ambient temperature, most
of them aggregate, with only a few droplets condensing singly
on the microbelts.>'®*'” The XRD pattern of violet-P microbelts
reveals a high-intensity peak at 15.66 degrees from the (013)

This journal is © The Royal Society of Chemistry 2023
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Fig. 24 Synthesis and characterization of the violet-P bulk form and phosphorene. (a) SEM image and (b) high-resolution TEM patterns of violet-P
microbelts. (c) Scheme of the growth mechanism of microbelts initiated by liquid Bi through thermal vaporization. Reproduced with permission from ref.
314. Copyright 2019 Elsevier. (d) Scheme of the fabrication procedure of violet-P crystals through an improved CVT method. Reproduced with
permission from ref. 319. Copyright 2020 American Chemical Society. (¢) TEM images and atomic model of the violet-P/InN/InP layered structure.
Reproduced with permission from ref. 320. Copyright 2015 American Chemical Society. (f) AFM images of violet phosphorene from mechanical and (g)
liquid exfoliation. (h) High-resolution TEM image of a violet-P nanobelt. (i) SAED pattern corresponding to (h) with the zone axis of [001]. Reproduced with

permission from ref. 48. Copyright 2020 John Wiley and Sons.

facet. This peak is markedly distinct from the corresponding
peak in the standard violet-P bulk crystal with low intensity. The
difference in the peak intensity suggests the specific orientation
of facets within the crystal.*’* Additionally, high-resolution TEM
shows a well-resolved interference fringe spacing of 5.67 A along
the crystal’s edge (Fig. 24b), which is in good agreement with the
interplane distance between the (013) planes of violet-P.>** These
findings provide evidence of successful synthesis of high-quality
violet-P microbelts with the exposed active (013) facets.

This journal is © The Royal Society of Chemistry 2023

Different from direct thermal evaporation, CVT typically
involves separate heating zones, which allow for the movement
of gaseous intermediates in defined directions.*'® Zhang’s
group has made contributions to the synthesis of high-quality
violet-P bulk crystals using the CVT method. In 2020, they
obtained single-crystal violet-P and conducted a detailed analysis
of its structure.*® This achievement is of great significance, as it
represents the first experimental determination of the lattice
structure of violet-P and provides valuable information about
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the properties and potential applications of violet-P. However, the
violet-P crystals obtained in this study contain a mixture of black-
P with a yield of only about 36% after separation. To address this
issue and improve the production yield, the CVT process has
been optimized by using 10 mg of Sn and 18 mg of Snl, as the
transport agents and 470 mg of amorphous red-P as the source
materials in a vacuum quartz tube.*™® As shown in Fig. 24d, the
tube is heated slowly in a three-zone muffle furnace for 8 hours to
reach 600 °C at the sample end (source zone) and 580 °C at the
other end (reaction zone).*'® After 5 hours, the tube is cooled for
10 hours to 550 °C in the source zone and 530 °C in the reaction
zone. The tube is kept at these temperatures for 30 hours before
slowly cooling to room temperature for about 100 hours. The
violet-P crystals are produced with a high yield of ~80%.
The holding time of 550-530 °C and cooling time to room
temperature are critical for violet-P crystal nucleation and
growth.*”® A long holding time at 550-530 °C increases the
nucleation of violet-P, with nucleation peaking at approximately
30 hours. Longer cooling time results in larger crystal formation
with crystal size reaching its maximum at around 100 hours.**®
The ability to produce high-quality and high-yield violet-P bulk
crystals serves as the foundation for the subsequent synthesis of
nanostructured violet-P.

4.4.2 Violet phosphorene. Violet-P has the potential to be
scaled down to few- or single-layered flakes due to its layered
nature. When the thickness is downsized to the atomic scale,
violet-P is referred to as violet phosphorene.*® In 2015, Tsai et al.
reported the plasma-assisted synthesis of atomically layered violet-
P on an InP substrate (Fig. 24e) through N, plasma exposure
followed by annealing for 1.5 hours at 500 °C and 400 Torr.**° This
produces a 20 nm thick violet-P layer on the surface of InP.
However, there are some issues, including insufficient structural
characterization of the prepared violet phosphorene and relatively
simple explanation of the formation mechanism based solely on
the substantial discrepancy in Gibbs free energy. To validate the
lattice structure of the prepared violet phosphorene in detail, more
analytical results by for example, XRD, are required.

To date, violet phosphorene has been fabricated by both mechan-
ical and liquid exfoliation of violet-P single crystals.****'~** Zhang’s
group has demonstrated that violet phosphorene can be produced
by immersing single-crystal violet-P (~0.30 x 0.23 x 0.13 mm?)
in 30 mL of ethanol and treating it by tip sonication at room
temperature.*® They also utilized Scotch tape to peel violet-P
crystals into thin flakes several times and then transferred them
to SiO,/Si substrates. Fig. 24f and g show the AFM images of
violet phosphorene prepared by both mechanical and liquid
exfoliation methods. Mechanical exfoliation produces single-
layered violet-P with a thickness of ~1.9 nm, but most of the
flakes are multi-layered. On the other hand, liquid phase exfolia-
tion can more easily produce thin violet-P flakes (~2.2 nm), but
the edges of the flakes are irregular due to defects generated
during liquid exfoliation. However, the internal lattice in the
liquid-exfoliated flakes remains intact and high-resolution TEM
shows that most flakes have two sets of crystal planes intersecting
at an angle of 90° (Fig. 24h) consistent with the (110) and (110)
lattice planes determined by single-crystal XRD."® The SAED
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pattern obtained from the flake with the zone axis [001] in
Fig. 24i clearly demonstrates the high degree of crystallinity in
the as-prepared phosphorene. Furthermore, EDS confirms the
high stability of violet phosphorene by showing no detectable
oxygen signal. These findings make a significant contribution to
the development of high-quality violet phosphorene materials
and potential applications in various fields.

4.4.3 Violet phosphorus quantum dots. Another type of
nanostructured violet-P is the violet phosphorus quantum dots
(VPQDs) which possess distinctive optical and electronic proper-
ties attributable to the edge effects and quantum confinement.>*®
In 2022, Zhang’s group synthesized VPQDs for the first time
using a simple solvothermal approach.*** The process involves
dispersing ground violet-P crystals into NMP solvent, followed by
sonicating the mixture in an ice bath for 2 hours. The sonicated
dispersion is subjected to a solvothermal reaction in a muffle
furnace. The VPQDs have a single-layered structure with an average
height of 1.81 + 0.57 nm and a lateral size of 3.16 & 0.78 nm. It is
worth noting that an appropriate solvothermal temperature can
promote surface atom rearrangement, which helps to eliminate
surface defects. However, an excessively high or low reaction
temperature may lead to sluggish or hasty reaction kinetics, respec-
tively, producing excessive non-radiative defects.’*® To investigate
the influence of solvothermal temperature and time on the mor-
phology of VPQDs, experiments have been conducted. The average
lateral size and height of the VPQDs decrease as the temperature is
increased from 150 to 180 °C, but then increase slightly upon
further temperature increase, suggesting that an excessively high
solvothermal temperature may cause VPQD aggregation. Moreover,
the average lateral size and height of the VPQDs decrease steadily as
the reaction time is increased from 12 to 24 hours. Therefore, it is
concluded that in NMP, a long solvothermal reaction at 150 °C can
lead to the production of smaller VPQDs.

The VPQDs synthesized in NMP emit a high fluorescence
intensity. To rule out the possibility that the fluorescence
originates from the NMP solvent, the excitation wavelength is
set at 430 nm, as fluorescence from NMP disappears completely
at excitation wavelengths longer than 430 nm. Upon 430 nm
excitation, a robust fluorescence band at 522 nm is observed
from the VPQDs.*** The VPQDs emit strong green light compared
to conventional QDs such as BPQDs (450 nm) and MoS2 QDs (414
nm),>****” which emit light in the blue-violet range. Conventional
QDs emitting blue-violet light penetrate biological tissues poorly
due to the predominantly blue luminescence of biological tissues
thus limiting in vivo optical imaging of deep tissues.**® However,
the green fluorescence emitted by VPQDs may greatly mitigate this
issue. The fluorescence quantum yield of VPQDs is determined to
be 7.02% and the fluorescence properties have been demonstrated
to be adjustable by varying the solvothermal temperature and time
conditions, making them potential candidates for nanosensors in
biology and medicine.*****

In addition to the solvothermal temperature and reaction
time, Zhang’s group demonstrated that the solvent used in
the VPQD synthesis influences the fluorescence properties.**°
They used six different solvents, including DMF, NMP, H,O,
1,3-dimethyl-2-imidazolidinone (DMI), isopropanol (IPA), and
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Fig. 25 Synthesis and characterization of VPQDs in various solvents.
(@) Scheme of the synthesis of VPQDs with tunable bandgaps by using
different solvents. (b) Fourier transform infrared spectroscopy analysis of
VPQDs in different solvents. (c) Fluorescence emission spectra of VPQDs
in protic solvents and (d) in aprotic solvents. The excitation spectrum is
represented by the dotted line, and the emission spectrum is represented
by the solid line. Reproduced with permission from ref. 330 Copyright
2022 American Chemical Society.

ethanol (EA), to prepare VPQDs based on the solvothermal
method (Fig. 25a).>*° The quantum dots prepared in the six
solvents had the characteristic lattice structure of violet-P
with similar lateral dimensions (2.5-4.0 nm) and thickness
(1.5-2.0 nm). However, FTIR reveals that the VPQDs have
different oxygen-containing functional groups in different sol-
vents (Fig. 25b), which can stabilize the edge-dangling phos-
phorus bonds of VPQDs during synthesis. This modification
affects the bandgap size of VPQDs, and thus their fluorescence
properties. By functionalizing the edge-dangling phosphorus
bonds with different reaction solvents, fluorescence from
VPQDs can be adjusted from 400 nm (3.10 eV) to 536 nm
(2.31 eV) to span the violet to green spectrum.*** The VPQDs
prepared in protic solvents (IPA, H,O, and EA) exhibit shorter
emission wavelengths (<430 nm) than those prepared in
aprotic solvents (DMF, NMP, and DMI), suggesting larger
bandgaps for VPQDs prepared in protic solvents (Fig. 25¢ and
d).**° Theoretical calculations show that different functional
groups can alter the HOMO and LUMO positions of VPQDs.
In protic solvents, hydroxyl groups are ionized, leading to the
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formation of P-O bonds between the O atoms of solvent
molecules and the edge-dangling phosphorus bonds. This
results in significant changes in the HOMO-LUMO bandgaps.
Functionalizing the edge-dangling phosphorus bonds with
different reaction solvents to adjust the bandgap properties is
a simpler and more feasible method than traditional doping
and particle size control methods, thereby expanding the
potential optoelectronic applications of the VPQDs.

4.5 Synthesis of blue phosphorus

Since Zhu et al. predicted the existence of blue-P using DFT
calculations, in silico research on the structure and properties of
this allotrope has been intense. However, to confirm theoretical
proposals of blue-P, it is necessary to explore the practical proper-
ties through experiments. One method to synthesize 2D inorganic
materials with precise control over the deposition rate, composi-
tion, and thickness is molecular-beam epitaxy (MBE).**"*** This
technique involves depositing a directed beam of atoms or mole-
cules onto the substrate in an ultrahigh vacuum environment. The
beam of atoms or molecules is generated by heating the source
in a chamber and the substrate is typically heated to promote
the growth of the thin film. MBE has been the primary method
for the synthesis of atomically layered blue-P. However,
synthesis of blue-P bulk crystals has not been achieved so far.
In 2016, Chen’s group reported the growth of single-layered
blue-P on Au(111) using MBE under ultrahigh-vacuum
conditions.*® They deposited the black-P precursor on a heated
Au(111) surface (230 °C) to produce a highly organized hexagonal
superstructure of blue phosphorene on Au(111). Low-temperature
scanning tunneling microscopy (STM) shows that this structure
consists of a dark center surrounded by six equilateral triangles
(Fig. 26a) with an average distance of 14.7 A between the dark

Fig. 26 Synthesis and characterization of blue phosphorene. (a) High-
resolution STM image of single-layered blue-P on Au(111). Reproduced
with permission from ref. 52. Copyright 2016 American Chemical Society.
(b-c) STM images of single-layered blue-P on the tellurium layer.
Reproduced with permission from ref. 145. Copyright 2017 American
Chemical Society. (d) STM images of blue-P grown on Au(111) before
and after Si intercalation. Reproduced with permission from ref. 334.
Copyright 2020 American Chemical Society. (e) STM image of the two
different phosphorus phases (purple and red domains). Reproduced with
permission from ref. 336. Copyright 2021 IOP Publishing.
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centers. DFT calculations show that the hexagonal surface struc-
ture is derived from the 4 x 4 blue-P supercell, which highly
matches with the 5 x 5 Au(111) supercell. When the precursor is
annealed at a lower temperature of 150 °C for 60 minutes,
phosphorus clusters with a regular geometric structure are formed
on the substrate surface instead of the blue-P layer. The edges
of the phosphorus clusters are found to exhibit a preferential
orientation towards the [110] direction of the Au(111) surface.’>
STM cross-line scanning reveals that the height of the monolayer
phosphorus cluster was 2.3 A, which is consistent with the height
of monolayer blue-P. Therefore, the growth of blue phosphorene
entails the initial formation of triangular phosphorus clusters at a
lower temperature followed by gradual merging to form a blue-P
monolayer at a higher temperature.

The substrate is critical in the MBE growth of blue phos-
phorene and regulating the interactions between the substrate
and phosphorus source is necessary to form the desirable
structures.>** Chen’s group has developed a two-step deposi-
tion strategy to grow quasi-free-standing single-layered blue-P
on tellurium (Te) functionalized Au(111).'*° In this approach, a
well-defined tellurium layer is deposited on Au(111) as a buffer
layer, followed by the deposition of phosphorus onto the Te/
Au(111) surface at 250 °C by evaporating the black-P precursor
at 290 °C."** The single-layered blue-P film has a low degree of
contact with the underlying tellurium layer (Fig. 26b and c),
indicating that inserting Te atoms between the phosphorus and
Au surface can reduce their interaction. Alternatively, intercala-
tion is a powerful technique to modify interfacial interactions
by in situ introduction of an atomic layer between the surface
and substrate. The same group has synthesized a pure blue-P
monolayer by silicon intercalation (Fig. 26d).>** In contrast to
the tellurium-layer intercalation described above, a blue-P-Au
alloy is first formed by directly depositing the black-P precursor
on pure Au(111). Si is then evaporated and intercalated beneath
the blue-P-Au alloy to form a gold silicide buffer layer. This
results in P-Au bond breakage and re-establishment of P-P
bonds between nearby blue-P nanoclusters. These nanoclusters
eventually fuse into a solid 1 x 1 blue-P monolayer on the
buffer layer. The band structure related to the blue-P-Au alloy
disappears and a new feature corresponding to 1 x 1 blue-P
appears. Angle-resolved photoemission spectroscopy shows
that the band maximum at the I" point is about —1.2 eV with
a parabolic shape, consistent with the theoretical band
characteristics of the free-standing blue-P monolayer at the
I’ point.***

The choice of the substrate is also crucial to blue phosphor-
ene growth, and several experiments have explored different
substrates. The Ag(111) surface is a fundamental substrate for
the synthesis of a variety of elemental materials such as silicene,
germanene, and borophene. Yang et al. used the Ag(111) sub-
strate and high-quality bulk red-P as the precursor to produce
phosphorus films consisting of regular 2D blue phosphorene
clusters with a buckled 1 x 1 lattice.>®® The average lattice
constant of this film is 3.08 A, which is smaller than the
theoretical lattice constant of free-standing blue phosphorene
(3.28 A) but contradicts the lattice constant of Ag(111) (2.88 A).3**
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This stems from compression of the phosphorus domains and
formation of twisted blue phosphorene clusters due to the lattice
mismatch with the Ag(111) substrate. Schaal et al found that
growing phosphorus on the Au(100) surface forms two phases
depending on the phosphorus coverage (Fig. 26e).**® A low-
density 2 x 2 phosphorous superstructure is observed in the
low coverage regime. By increasing the phosphorus amount, the
2 x 2 superstructure vanishes and a roughly hexagonal structure
emerges. The lattice constant of the latter phase (3.4(2) A)
resembles that of free-standing blue-P (3.33 A).*® However, the
unit cell angle of this structure is different from 120°, indicating
that it is not completely hexagonal. The domains in this struc-
ture are extended, likely as a consequence of on-line epitaxy and
strain occurring in diverse directions.>®” Some theoretical stu-
dies on the growth of blue phosphorene on different substrates
have also contributed to our understanding of the growth
process.>**3*

The most promising method to prepare atomically layered
blue-P is MBE-based evaporative thermal decomposition of
black-P and deposition on selected and highly ordered single-
crystal metal surfaces.>*> This approach produces a complete
structure of blue phosphorene with relatively low total energy
required for the atomic arrangement. However, the interfacial
behavior between phosphorus and substrate requires further
experimental investigation. Moreover, the MBE technique
involves a sophisticated experimental procedure requiring pre-
cise temperature control and ultrahigh vacuum conditions,**?
thereby hindering the cost-effective and large-scale production
of blue-P. Currently, the synthesized blue phosphorene remains
on the nanoscale level in terms of lateral size. Top-down
approaches, such as mechanical or liquid exfoliation, can be
utilized to scale up the manufacture of blue phosphorus/
phosphorene, but producing blue-P bulk crystals remains a
challenge.

4.6 Synthesis of other phosphorus allotropes

The discovery of new phosphorus allotropes is promising but
challenging, requiring a combination of experimental synthesis
and theoretical calculations. Researchers have gained a better
understanding of phosphorus clusters that constitute EPMs,
and theoretical studies have predicted a variety of energetically
supported allotropes such as phosphorus fullerenes and
nanotubes,”® crimson phosphorus,”” Haeckelite phosphorus,***
and phosphorene derivatives.**>>*” However, despite these pre-
dictions, most of these allotropes are still in the theoretical stage
lacking effective experimental synthetic methods. This section
focuses on the experimental synthesis of three uncommon EPMs,
namely, phosphorus nanorods, greenish phosphorus, and one-
dimensional phosphorus nanostructures confined within carbon
nanotubes.

At the dawn of the 21st century, several inorganic chemists
uncovered the potential of copper halides as a unique synthetic
tool for the creation of compounds featuring novel phosphorus-
based structures.>*®>>° This was achieved by reacting a stoichio-
metric mixture of copper halides and elemental phosphorus,
which led to the synthesis of polymeric phosphorus chains that
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Fig. 27 Synthesis and characterization of greenish phosphorus. (a) Photo-
graph of the sealed quartz tube before and after the deposition of greenish
phosphorus onto glassy carbon. (b) Photograph, (c) optical microscopy
image, and (d) SEM image of greenish phosphorus on glassy carbon.
Reproduced with permission from ref. 53. Copyright 2021 Royal Society
of Chemistry.

were complexed with copper halide adducts. Leveraging these
studies, Pfitzner et al, in 2004, successfully extracted pure
phosphorus nanorods that displayed deep red/brown colors
from two distinctive adducts, (Cul)gP;, and (Cul);P,.>*" These
allotropes were identified by their unique repeating units,
[P8]P4(4)[ and [P10]P2[, respectively.

After the prediction of blue-P in 2014,* a new phosphorus
allotrope called green-P was predicted in 2017.°° However, due
to its complicated structure, no experimental synthesis of
green-P has been reported to date. Nevertheless, it is note-
worthy that “greenish phosphorus” on carbon substrates was
prepared by the CVD method in 2021 with red-P being the
source which was encapsulated in a quartz tube with a glassy
carbon substrate under a vacuum of 0.1 MPa.>® The mixture is
heated to 480 °C in a tube furnace to sublimate phosphorus
and then cooled to 260 °C to generate greenish phosphorus.
The quartz tube holding red-P and the glassy carbon substrate
before and after deposition is shown in Fig. 27a. Many nano-
particles are deposited on the substrate, and most of the phos-
phorus particles show a diameter of ~100 nm, while a few are
bigger with a diameter of about 700 nm (Fig. 27b-d). By sonica-
tion or scraping, the greenish phosphorus is hardly removed
from the substrate, demonstrating strong interactions between
phosphorus and the substrate. Other substrates such as carbon
paper and silicon wafer have been investigated for the synthesis
of greenish phosphorus. Greenish phosphorus can be deposited
on carbon paper but not the silicon wafer. The partial pressure
and edge structure of carbon materials plays essential roles in the
production of this allotrope. The Raman spectra, XRD patterns,
and lattice fringes observed by TEM confirm that greenish
phosphorus has an atomic structure distinct from those of
existing phosphorus allotropes including amorphous red-P,
fibrous-P, black-P, and blue-P. Although the synthesis of greenish
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phosphorus on carbon substrates is promising, some questions
remain unanswered. The structural analysis of greenish phos-
phorus is incomplete, and there is a lack of detailed analysis of
the grazing incidence XRD data. Moreover, the name ‘greenish
phosphorus” is given based on the observed color of the materi-
als on the substrate, but this color may be a structural color
caused by thin film interference.**> Therefore, additional struc-
tural characterization is necessary to establish that this is indeed
a new phosphorus allotrope.

Carbon nanotubes (CNTs) have been shown to be efficient
nanoreactors to synthesize nanostructured materials for confined
and specific orientation material growth. The type of phosphorus
precursor and the wall layer and inner diameter of the CNTs
significantly influence the nanostructured phosphorus. Using
white-P as a precursor, Hart et al. have polymerized melted P,
molecules inside single-walled CNTs at 50 °C to form a single-
stranded phosphorus zigzag chain (Fig. 28a-e)."***** This poly-
merized chain may be an intermediate between white-P and red-P
referred to as “pink phosphorus”,>** although its true color
remains unknown. Zhang et al.**® prepared sp® hybridized ring-
shaped phosphorus nanostructures inside multi-walled CNTs
using red-P as a precursor by the CVT method at 500 °C. They
observed a ring with a diameter of 5.30 nm in a multi-walled CNT
with an inner diameter of 5.90 nm, comprising 23 Pg and 23 P,
units with 230 phosphorus atoms, and a distance of 6.4 A
between adjacent rings (Fig. 28f and g).*>> Under similar reaction
conditions, they obtained a square columnar phosphorus struc-
ture with an intersectional size of less than 1.4 nm inside single-
walled CNTs with an inner diameter of ~1 nm (Fig. 28h and i),
while planar zigzag black-P nanoribbons were formed inside
multi-walled CNTs with an inner diameter of ~4.1 nm (Fig. 28j
and k),?*® indicating that the host size of the CNTs plays a more
significant role than the synthesis conditions in determining the
structure of the encapsulated phosphorus.

Identification of motif fragments of one-dimensional red-P
chains confined in CNTs is crucial to understand the relation-
ship between the host size of CNTs and phosphorus
nanostructures. Recently, Rybkovskiy et al.>*” have obtained
one-dimensional red-P-based chains in intermediate-diameter
(1.6-2.9 nm) single-walled CNTs, and identified the main
phosphorus clusters comprising the nanochains by combining
experimental characterization and theoretical calculations. By
screening six potential phosphorus chain types based on pre-
viously reported fibrous-P, (Cul),P,, crystals and free-standing
vdW bonded chain crystals (Fig. 28l), they have simulated the
associated phosphorus using DFT calculations to match the
product morphology obtained from high-resolution TEM obser-
vations. The obtained one-dimensional red-P-based chains in
CNTs are derived from a mixture of fibrous-P building blocks
P8]P2 and crl-[P8]P2[P9]P2[. This chain can be the most com-
mon nanostructure for encapsulating red-P within CNTs with
inner diameters of at least ~1 nm and represents a new
phosphorus phase. Additionally, based on previous reports
and their findings, a phosphorus phase diagram is constructed
to illustrate the behavior in 1D channels with varying dia-
meters. In narrow channels with diameters less than 0.8 nm,
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Fig. 28 Synthesis and characterization of 1D phosphorus nanostructures confined within CNTs. (a and b) High-resolution TEM images of polymerized P4
chain within single-walled CNTs. (c) Noise-filtered high-resolution TEM image of the region highlighted in (b). (d) Simulated high-resolution TEM image
and (e) the corresponding atomic structure of a polymerized P4 chain within a single-walled CNT. Reproduced with permission from ref. 124. Copyright
2017 John Wiley and Sons. (f) Structural model of ring-shaped phosphorus inside a multi-walled CNT. (g) Side view of ring-shaped phosphorus. The inset
shows the repeating units. Reproduced with permission from ref. 355. Copyright 2017 John Wiley and Sons. (h) Negative spherical aberration imaging and
(i) structural model of square columnar phosphorus inside a single-walled CNT. (j) Negative spherical aberration imaging and (k) structural model of
planar zigzag Black-P nanoribbons inside a multi-walled CNT. Reproduced with permission from ref. 356. Copyright 2020 American Chemical Society. (1)
Side, top, and end views of six potential phosphorus chain types. Reproduced with permission from ref. 357. Copyright 2022 American Chemical Society.

phosphorus prefers to form zigzag chains. In the diameter
range of 0.8-1 nm, tetrahedral P, cages and their polymeric
derivatives are formed."***** As the diameter increases beyond
1 nm, a thermodynamically stable single P§]P2 chain is con-
fined within the larger cavity, which then forms bundles of
P8]P2 chains and paired cross-linked counterparts as the cavity
size increases.”” In larger cavities, [P8]P2 nanorings are
formed possibly due to different synthesis conditions and the
natural curvature of the P8]P2 chains.*® This study is of great
significance for the predictable growth of phosphorus materials
confined within tube-related nanostructures.

The future trend in synthesizing new phosphorus allotropes
involves integrating nanotechnology with artificial intelligence-
based theoretical calculations. Specifically, machine learning-driven
theoretical calculations can accelerate the exploration of phos-
phorus motif fragments and enable the assembly of diverse archi-
tecture types based on identified phosphorus cluster configurations
obtained from experiments.>® After the desired nanostructures are
designed, specific cavity nanoreactors such as CNTs, metal-organic
frameworks (MOFs), and covalent organic frameworks (COFs) with
various dimensions are selected for the confined growth of nanos-
tructures. This synthetic route is expected to facilitate the experi-
mental synthesis of more phosphorus allotropes and requires

5430 | Chem. Soc. Rev, 2023, 52, 5388-5484

exploring diverse phosphorus phase diagrams for different confined
materials.

In summary, this section has discussed the synthesis of each
EPMs across various dimensions. Looking ahead, efforts should
be directed towards optimizing reaction conditions for the
production of high-quality single crystals and large-scale thin
films, and establishing reliable synthesis methods for low-
dimensional structures such as phosphorene. Despite the multi-
tude of synthesized allotropes, only a few, notably white-P and
amorphous red-P, have reached industrial-scale production of
thousands of tons. This underscores the urgency and impor-
tance of enhancing growth techniques for black-P, with the goal
of achieving ton-level production in a single batch, which would
significantly propel the evolution of the future phosphorus
chemical industry.

5. Applications of elemental
phosphorus materials to sustainable
energy and environment

Growing concerns about energy sustainability and security arise
from the rapid depletion of fossil fuels and their adverse

This journal is © The Royal Society of Chemistry 2023
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environmental effects,**® and developing novel, stable, and efficient

materials for green energy exploitation, storage, and environmental
remediation is crucial.®®****® EPMs with diverse microstructures
and nanostructures have emerged as versatile toolkits offering a
range of application possibilities. The electron-rich nature of EPMs
facilitates interactions with a variety of metal and non-metal
materials, promoting the development of advanced composite
systems. These elemental phosphorus-based materials exhibit excit-
ing and tunable physicochemical properties including bandgaps,
carrier mobility, and ion absorption. Consequently, EPMs demon-
strate significant potential in applications such as chemical sensing,
ion storage, photo(electro)catalysis, and energy conversion (Fig. 29).
In this section, we systemically discuss the functional performance
of EPMs and their derivatives in applications of energy conversion,
energy storage, and environmental remediation. For each type of
application discipline, the analysis of reaction mechanisms, the
unique advantages of EPMs in specific scenarios, and strategies for
enhancing material performance are emphasized.

5.1 Energy conversion applications

5.1.1 Photocatalytic hydrogen generation. Hydrogen is
widely recognized as an environmentally friendly and efficient

This journal is © The Royal Society of Chemistry 2023

fuel due to its emission-free properties and high calorific value
of nearly 143 M] kg '.**"*%* Currently, hydrogen generation
mainly relies on biomass gasification, water electrolysis, natural
gas steam reforming, and coal combustion.***% However,
these conventional methods inevitably produce unwanted by-
products during hydrogen preparation, with carbon dioxide
emissions resulting from partial methane oxidation contribut-
ing to the greenhouse effect and climate change.’***” There-
fore, there is a pressing need to explore green and sustainable
methods for hydrogen production. Since the discovery of
photo(electro)catalytic water splitting for hydrogen production
in 1972,%%® it has been recognized as one of the most potent and
environmentally friendly techniques to generate hydrogen.
Photocatalysis is a process in which the photoreaction is
accelerated in the presence of a semiconductor photocatalyst.>*°
The semiconductor absorbs solar photons and converts the
reactant into the final product without depletion.®”° The overall
mechanism of photocatalysis involves three steps. First, solar
photons excite electrons in the semiconductor, allowing them to
move from the valence band to the conduction band, generating
charge-negative electron (e”) and charge-positive hole (h") pairs.
Second, the photoexcited electrons and holes move to the
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semiconductor surface, where they act as redox agents. Third,
the transfer of electrons leads to the formation of superoxide
radicals (*O,”) or initiates reduction events with a corres-
ponding reduction potential. Hole transfer, on the other hand,
generates hydroxyl radicals (*OH) or initiates oxidation events
with an appropriate oxidation potential. The two critical steps in
a photocatalytic process are light absorption and charge carrier
excitation, and the application of this process in energy conver-
sion is largely dependent on the light radiation intensity and the
semiconductor’s bandgap. To achieve photocatalytic hydrogen
generation, the semiconductor bandgap should be greater than
1.23 eV with a suitable conduction band position for the H'/H,
potential. Several common semiconductors such as TiO, and
MoS,*”**7% have been reported for photocatalytic water splitting
to generate hydrogen. However, as these metal oxides consist of
rare elements with relatively high manufacturing costs, their
widespread industrial use is restricted. Moreover, these semi-
conductors have wider bandgaps (>3.2 eV), resulting in the
primary absorption of ultraviolet light (<400 nm), which corre-
sponds to only ~ 4% of the solar spectrum, leaving a significant
portion of the solar spectrum unused. Consequently, these
disadvantages significantly limit the practical applications of
conventional semiconductors and necessitate the development
of innovative and cost-effective photocatalysts for hydrogen
production.

EPMs are promising materials in the mono-elemental family,
with the potential to serve as metal-free photocatalysts for
hydrogen generation. First, phosphorus is one of the most
earth-abundant elements on the earth,>”*?’* and so the produc-
tion cost of phosphorus-based catalysts is relatively low. Second,
EPMs have narrow bandgaps (<2.7 eV), making them suitable
for absorbing solar photons primarily in the visible light region
and even down to the near-infrared region, with their conduction
band minimum position being more negative than the water
reduction potential. Third, EPMs have several layered allotropes
with tunable bandgaps, allowing the selection of different allo-
tropes in bulk or few-layered nanosheet forms for specific
photocatalytic situations. Apart from black-P, amorphous red-P,
fibrous-P, violet-P, and blue-P have all demonstrated their viabi-
lity as candidates for photocatalytic hydrogen generation, both
theoretically and experimentally.>***7>=77 Table 2 summarizes
the progress made in EPMs and EPM-based systems for photo-
catalytic hydrogen generation.

Although theoretical studies suggest that pristine bulk EPMs
may serve as photocatalysts for water splitting,”>*”%37° their
inadequate catalytic efficiency limits the competitiveness
compared to conventional photocatalysts. This is due to their
narrow bandgaps, limited catalytic sites, and elevated recombi-
nation of photogenerated electron-hole pairs. As discussed in
the electronic property section, exfoliation of EPM bulk crystals
into few-layered nanosheets or phosphorene leads to a positive
shift in the valence band and a negative shift in the conduction
band, resulting in a significant increase in the bandgap. This
promotes the efficient generation of strongly oxidative holes,
preventing undesirable photoinduced charge pair recombina-
tion. In addition, the exfoliation process provides a large
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surface area and increases the molecule absorption space and
active sites. As a result, low-dimensional EPMs are becoming
increasingly popular for photocatalytic hydrogen generation.
Zhu et al. conducted a systematic study of the visible-light
photocatalytic efficiency of black-P bulk powder and nanosheets
and found that black-P nanosheets exhibit an 18-fold greater
hydrogen generation activity compared to the bulk form ref.
205. It is noteworthy that anhydrous LiOH powder is added
during the synthetic process, and the photocatalytic hydrogen
generation rate of black-P nanosheets in the presence of LiOH is
512 pmol h™" g™, which is greater than that of bulk black-P
(28 pmol h™" g™ ') and well-known metal-free photocatalyst
g-C;N, (107 pmol h™" g7).%%® After illumination for 9 hours
with 420 nm homochromatic light, the apparent quantum yield
of hydrogen generation is calculated to be approximately 0.47%.
However, another study also using black-P nanosheets for
photocatalytic hydrogen generation showed a lower generation
rate.”**%! This discrepancy may arise from the different fabri-
cation methods (liquid exfoliation and ball milling, respectively)
and addition of LiOH, which terminates the reactive black-P
nanosheet edges and provides a stable structure for photocata-
Iytic reaction.

Amorphous red-P boasting a lower manufacturing cost and
well-established production technique compared to black-P has
attracted a considerable interest due to its great photocatalytic
characteristics. Chen and co-workers investigated the photo-
catalytic hydrogen generation efficiency of ultra-thin amor-
phous red-P nanosheets produced by liquid exfoliation.**?
The nanosheets exhibited a good hydrogen generation activity
of 180 umol h™* g™, which is 2.88 times higher than that of
bulk red-P. The apparent quantum efficiency of amorphous red-P
nanosheets is approximately 0.28%. Cycling stability measure-
ments show that the amorphous red-P nanosheets retain 89.1%
of their original catalytic activity after three irradiation cycles,
indicative of great chemical stability. The primary advantage is
the low cost of the raw materials and environmentally friendly
preparation process, boding well for commercializing. Zhang
et al®®* used a probe ultrasonication technique to synthesize
porous red-P nanosheets with a significantly higher photocataly-
tic hydrogen generation rate of 1169.4 umol h™* g~*. The BET-
specific surface area of the porous nanosheets reach 84.37 m*g '
and this vast surface area significantly increases the number of
reactive sites and molecule adsorption areas, leading to higher
hydrogen production efficiency. Furthermore, other red-P deriva-
tives such as fibrous phosphorene (1021 pmol h™* g *),"*" and
violet-P microbelts (553.4 pumol h™" g ")**® have also delivered
excellent performance in photocatalytic hydrogen generation.

However, low-dimensional EPMs are not invincible, and they
also face some challenges in photocatalytic hydrogen generation.
Experimental findings show that the quantum efficiency of two-
dimensional EPMs is relatively low due to the poor stability of
pristine phosphorene. The electron-rich nature of the phosphor-
ene surface and the presence of multiple unpaired lone pairs of
electrons leads to the recombination of layers, preventing the
materials from maintaining a long-term stability in the photo-
catalytic process. To overcome these issues, three potential

This journal is © The Royal Society of Chemistry 2023
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strategies can be applied to improve the photocatalytic effi-
ciency. First of all, chemical modification of phosphorene with
hydroxyl (-OH) or pseudo-halogen (-CN and -OCN) functional
groups can passivate the phosphorene surface and improve the
durability.”"*?°® Second, phosphorene can be utilized as a
matrix to load photocatalytically active electron mediators
(Ag/Au nanoparticles)****% to produce co-catalytic effects in photo-
catalysis. Third, metal/nonmetal doping and heterostructure con-
struction are powerful methods for regulating the electronic
structure and mechanical strength of phosphorene.*"*%>
Heterostructures play an important role in promoting the
spatial separation of electrons and holes and the photocatalytic
activity of materials like black-P. Zhu et al. have designed a
binary nanohybrid composed of black-P nanoflakes and gra-
phitic carbon nitride nanosheets to investigate the photocata-
lytic hydrogen performance in the presence of methanol as a
hole quencher.*®® At the interface between black-P and graphi-
tic carbon nitride, a type-I heterojunction is formed. Under
light irradiation above 420 nm, graphitic carbon nitride is the
main excited materials generating electrons and holes in the
conduction band and valence band, respectively. Black-P serves
as an electron acceptor and accepts electrons from the conduc-
tion band of adjacent graphitic carbon nitride, while the trans-
ferred holes in black-P are quenched by methanol (Fig. 30a). This
process inhibits recombination of electron-hole pairs in graphi-
tic carbon nitride. Electrons and holes in black-P recombine
rapidly under irradiation (lifetime of less than 1 ps) to prevent
black-P from functioning as a photocatalyst. However, this type-I
heterojunction can produce hydrogen under light irradiation
above 780 nm. Time-resolved diffuse reflectance spectroscopy
indicates that the P-N coordination bond at the interface
between Black-P and graphitic carbon nitride can act as a trap
site for electrons and captures electrons in the conduction band
of black-P to generate hydrogen. This strong interfacial inter-
action and effective charge transfer between black-P and graphi-
tic carbon nitride improves the photocatalytic efficiency by
inhibiting the recombination of photogenerated charges in
black-P. This demonstrates that the interfacial P-N coordination
bond plays a critical role in photocatalytic hydrogen generation in
both visible and near-infrared regions. Zhu et al. constructed 2D
black-P/BiVO, heterostructures as a novel Z-scheme photocatalyst
for overall water splitting.*** Under >420 nm light irradiation,
the photocatalyst generates H, and O, yields of approximately
160 and 102 pmol h™" g™, respectively, without the need for any
sacrificial agents or external bias. The staggered band positions
of black-P and BiVO, facilitate separation of charges, leading to
the reduction and oxidation of water on black-P and BiVO,,
respectively. In addition to binary heterostructures, researchers
have constructed ternary nanostructures for photocatalytic
hydrogen generation. Black-P-Au/La,Ti,O; shows high effi-
ciency as a photocatalyst over a broad spectrum of wavelengths
spanning the ultraviolet to near-infrared regime.“’® The optimal
hydrogen generation rates of black-P-Au/La,Ti,O, are 0.74 and
0.30 mmol h™" g~ at wavelengths longer than 420 nm and
780 nm, respectively. This work highlights that the strong
surface plasmon resonance absorption of gold nanoparticles
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in the hybrid nanostructure can transform incident photon
energy into plasma energy and transmit electrons to the semi-
conductor to induce charge separation (Fig. 30b), thus improv-
ing the photocatalytic performance. Furthermore, the strong
optical absorption of black-P and plasma gold nanoparticles in
the region from ultraviolet to near-infrared, along with the
interfacial interaction of black-P and Au/La,Ti,O,, enables
effective electron transfer to La,Ti,O, by excited black-P and Au.

The low-dimensional black-P materials exhibit powerful
multibody effects resulting in strong exciton that dominates the
photoexcitation process.>'**°**°” To enhance the photocatalytic
effects of black-P, it is crucial to make reasonable use of these
excitons. Xie’s group has proposed a strategy to modulate exciton
dissociation by heterojunction engineering,’”® which combines
black-P nanosheets with poly(3-hexylthiophene) (P3HT) leading
to the construction of type-II heterojunctions (Fig. 30c). This
strategy weakens the stability of excitons in black-P and promotes
the dissociation and conversion to free carriers. The internal
electric field generated at the heterojunction interface due to the
difference in the band structure further promotes directional
transfer of holes to P3HT and electrons to black-P (Fig. 30d),
consequently increasing the output of the loaded -carriers.
Benefiting from this, the black-P/P3HT heterojunction shows
efficient exciton dissociation and greatly improved photo-
responsive properties of black-P such as a photocurrent switching
ratio of approximately 18.3. Excitons can undergo resonant
transfer between systems possessing compatible spin states
and energy levels.**® In 2021, Xie’s group proposed an exciton-
mediated energy transfer strategy in heterojunction engineering
for efficient infrared-light-driven photocatalysis.**° They con-
structed a black-P/polymeric carbon nitride heterojunction in
which black-P acted as an infrared light absorber and transferred
its energy to activate polymeric carbon nitride through exciton
interaction (Fig. 30e). The excitons in carbon nitride separated
into free charge carriers at the heterojunction interface, where
holes were further transferred into black-P and electrons were
transferred into carbon nitride to achieve great photocatalytic
efficiency under infrared light irradiation.

The strategy has also been widely used for other EPMs, and
Yu’s group has made contributions in the preparation of
crystalline red-P composites to promote sustainable application
of low-cost and effective materials in photocatalysis. In 2016,
they used different synthetic methods to prepare two kinds of
fibrous-P-based materials, namely, micro-fibrous-P/SiO, compo-
sites and smashed-fibrous-P crystals.*"" These materials show
stable and high hydrogen release rates of 633 pmol h™" g~ " and
684 pmol h™" g™, respectively. The high photocatalytic efficiency
is due to the high conduction band minimum of fibrous-P
(—0.9 eV vs. NHE) and the favorable full contact of the small-
size microstructure with water. One year later, they developed a
crystalline red-P/g-C3N, composite with a record-high hydrogen
generation rate of 2565 pmol h™* g~ *.>** The apparent quantum
yield of the red-P/g-C;N, composite is 13.8% at 420 nm, which is
about 3.5 times that of pristine g-C;N, (3.9%).>* The great catalytic
performance of the composite is attributed to the formation of
chemical bonds between red-P (fibrous phase phosphorus)

This journal is © The Royal Society of Chemistry 2023
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Fig. 30 Applications of elemental phosphorus materials to photocatalytic hydrogen generation. (a) Proposed mechanism of photocatalytic hydrogen
generation for the black-P/graphitic carbon nitride (CN) heterostructure under visible and near-infrared irradiation in the presence of methanol.
Reproduced with permission from ref. 403. Copyright 2017 American Chemical Society. (b) Proposed mechanism of photocatalytic hydrogen generation
for the black-P—Au/La,Ti,O; (LTO) composite under visible (left) and near-infrared (right) irradiation in the presence of methanol. Reproduced with
permission from ref. 405. Copyright 2017 John Wiley and Sons. (c) Band alignment of black-P/P3HT type-Il heterojunctions. (d) Charge transfer at the
heterojunction interface. Reproduced with permission from ref. 408. Copyright 2019 American Chemical Society. (e) Photoexcitation processes in black-
P/carbon nitride heterojunctions. Reproduced with permission from ref. 410. Copyright 2021 John Wiley and Sons. (f) Proposed photocatalytic process of
dendritic red-P (DRP). (g) Photocatalytic hydrogen evolution yield of DRP and red-P-based materials under visible light irradiation. (h) Photocatalytic
stability of DRP. (i) Comparison of the visible-light photocatalytic hydrogen generation rate between DRP and other bare elemental/compound
photocatalysts. Reproduced with permission from ref. 412. Copyright 2022 Elsevier.
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nanoparticles and g-C;N,, which reduces the number of structural
defects in g-C3N,. This, in turn, inhibits the inactive charge capture
and prolongs the lifetime of the active charge in g-C;N,, resulting
in improved photocatalytic activity. Recently, Yu’s group*'* has
developed a bismuth-catalyzed CVD method to prepare violet-
fibrous hetero-phase dendritic structures from amorphous red-P
for photocatalytic hydrogen generation (Fig. 30f). The hetero-phase
dendritic catalyst shows stable and efficient photocatalytic activity
such as a hydrogen generation rate of 1280 umol h™* g™, which is
about 16 times greater than that of amorphous red-P and exceeds
those of many elemental and bare compound photocatalysts
(Fig. 30g-i). The alignment of band structures between two
crystalline phases and intimate heterojunction binding at the
stem-branch intersection contributes to the construction of a
well-organized structure that reduces the interfacial resistance,
promotes charge transfer, and inhibits charge trapping and
recombination. Other phosphorus-based composites have also
been explored for photocatalytic hydrogen generation, for example,
red-P/YPO,,**° fibrous-P/TiO,,*** violet-P/polymeric C5N4,*** blue-
P/Mg(OH),,"" blue-P/g-C;N,,*'® and green-P/MoSe,.”

5.1.2 Photocatalytic carbon dioxide conversion. Consumption
of fossil fuels has given rise to worldwide energy depletion and
excessive carbon dioxide emissions. As a greenhouse gas, carbon
dioxide plays a major role in global warming.*"”** Hence, it is
critical to create sustainable technologies that can tackle both the
energy crisis and greenhouse gas emissions, ultimately aiming for a
net-zero carbon footprint.**>*** Fortunately, CO, reduction catalysis
can address these challenges simultaneously and transform waste
into resources. Since the discovery of photo-electrocatalytic CO,
conversion in 1979,%*? artificial CO, reduction has attracted con-
siderable interest. Photocatalytic CO, reduction mimics the natural
carbon cycle by converting CO, to hydrocarbon fuels through a
chemical reaction. Photocatalytic reduction has several advantages
over electrocatalysis such as direct utilization of inexhaustible solar
power and minimized secondary energy waste.

Photocatalytic CO, conversion is more challenging than photo-
catalytic H, generation. CO, is a non-polar linear molecule with a
symmetric structure, and the C—=0 bond energy is 804.4 kJ mol ™"
at 298 K, indicating that a large amount of energy is required to
break the bond.****** Eqn (1)-(5) show the electrode equations
and potentials (V vs. NHE) for CO, reduction to free radicals and
typically produced compounds.*?***® Although CO, can form a
free radical by accepting one electron directly as shown in eqn (1),
the reduction potential of —1.90 V is substantially negative,
indicating a higher positive Gibbs free energy required, which is
thermodynamically unfavorable. As a result, photocatalytic CO,
reduction generally occurs via a proton-coupled multielectron
transfer process.”>> The typical reduction products are methane,
methanol, carbon monoxide, and formic acid (eqn (2)-(5)). In
addition to producing photoexcited electrons and delivering them
to adsorbed carbon dioxide molecules for activation and
reduction, the photocatalyst also plays a crucial role in stabilizing
the corresponding intermediates in their respective reduction
pathways, thus increasing the reaction selectivity.**”

COx(g) +e° = COT Prgox = —1.90V &)
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CO,(g) + 2H' +2¢~ — HCOOH(I) %y, =061V  (2)

CO,(g) + 2H" 4 2¢~ — CO(g) + HyO(l) ¢Sy =—0.52V

(3)

CO,(g) + 6H' + 6e~ — CH30H(1) + H,0(1) =038V

(4)

o
Predox

CO,(g) + 8H' + 8¢~ — CHu(g) + 2H,0(l) @2y, = —0.24 V

(5)

EPMs have shown tremendous potential as metal-free photocata-
lysts for CO, conversion. These materials possess two intrinsic
advantages. First, EPMs consist of a single-component element,
indicating that their chemical activities are determined by their
structure, and the structural control can provide a uniform
coordination environment to form more efficient composites with
other materials. Second, the electron-rich phosphorus atoms in
EPMs can effectively adsorb carbon dioxide through Lewis acid-
base interactions and stabilize intermediate products, improving
the photocatalytic selectivity. Recent advances in photocatalytic
CO, reduction have leveraged these advantages of EPMs.

In 2020, Zhu et al. reported a hydroxyl-modified black-P
monolayer showing outstanding photocatalytic efficiency, and
it was capable of converting CO, into CO with a generation rate
of 112.6 pmol h™" g~ *.**® This value is four times that of bulk
black-P, and comparable to that of 2D g-C;N,. Competing
reactions leading to the production of by-products such as H,
are constantly in progress. However, hydroxyl-modified black-P
exhibits a better reaction selectivity to CO (90.8%) than pristine
black-P. This can be attributed to the electron-donating char-
acter of a hydroxyl group (Fig. 31a), resulting in the formation
of modified black-P with a higher bandgap (~2.2 eV) than the
unmodified one (2.0 eV). This elevated bandgap makes black-P
more accessible to the CO,/CO redox potential. In addition,
hydroxyl-modified black-P has outstanding stability due to
surface passivation, and its degradation rate is 8.8 times slower
than the pristine black-P monolayer during light cycling mea-
surements. This shows that an appropriate choice of electron-
acquiring/electron-donating functional groups influences the
electron distribution of the materials. Reasonable control over
the reaction conditions can lead to the formation of elemental
homojunction comprising mixed crystalline phases of red-P
and black-P. Band alignment of red-P and black-P allows for the
formation of a Z-scheme structure and introduction of another
suitable semiconductor into the system results in the formation
of a ternary dual Z-scheme system. Chai’s group designed a
dual Z-scheme homo-heterojunction of red-P/black-P@WO;,**°
with great photocatalytic efficiency under visible light irradia-
tion by converting CO, into CH, with a yield of 6.21 umol g~*
within 6 hours, whereas the original components, red-P, WO3;,
and red-P/black-P, do not produce any CH,. In the dual
Z-scheme system, red-P acts as a key bridge connecting black-P
and WO;, forming a unified and synergistic ternary homo-
heterojunction composite with the appropriate bandgap energy
for CO, reduction (Fig. 31b). Specifically, red-P has a higher

This journal is © The Royal Society of Chemistry 2023
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conduction band position than black-P and WO;,**° indicating
its more negative reduction potential. Under visible light irradia-
tion, black-P, red-P, and WO; generate charges in their respective
conduction bands and valence bands. The photoinduced
electrons in the conduction bands of black-P and WO; follow
the Z-scheme vectorial transfer pathway to reach the valence
band of red-P, where they recombine with holes in red-P. This
effective separation and directional transport of the photoin-
duced electrons and holes in the ternary system contribute to
the continuous progress of the photocatalytic reduction reaction.

Generating Cy, compounds in the photocatalytic reduction
of CO, is typically more challenging than producing C; com-
pounds (CO, CH,4, and CH3;O0H). This process involves multiple
electron and proton transfer reaction pathways, resulting in unsa-
tisfactory catalytic efficiency and selectivity. Nonetheless, several C,
compounds such as ethanol are crucial industrial chemicals and
potential energy storage materials, and it is imperative to produce
them in a costeffective and environmental-friendly manner.
Photocatalytic reduction of CO, to C, compounds involves a
C-C coupling process, which requires overcoming a larger
energy barrier during the reaction.**' However, EPMs exhibit
great potential for photocatalytic C, compound production
based on the above discussion. From the physical perspective,
EPMs are semiconducting materials with relatively narrow

This journal is © The Royal Society of Chemistry 2023

bandgaps, making them efficient for light harvesting in the
infrared-visible light range, and they possess suitable conduc-
tion band edges for CO, photoreduction. From the chemical
point of view, electron-rich EPMs can adsorb CO, on the surface
through Lewis acid-base interactions, interact with O in the
molecule, promote cleavage of C-O bonds, and generate large
C, intermediates.**>*** These physical and chemical properties
have recently been exploited by some research groups.

In 2022, Li’s group designed a single-atom Au loaded red-P
photocatalyst for efficient ethane production.*** The optimized
single-atom Au/red-P catalyst exhibits a high ethane yield of
1.32 umol g~* h™" without the need of any sacrificial agents. In
contrast, the yields of CO and methane are only 0.02 and
0.03 g ' h™', respectively, indicating excellent selectivity
(96%) for ethane production (Fig. 31c). The turnover frequency
(TOF) of the catalyst is also noteworthy, reaching as high as
7.39 h™', which exceeds those of many C; compound conversion
photocatalysts (Fig. 31d). Various characterization techniques have
been employed to demonstrate that CO, preferentially adsorbs on
the surface of red-P (Fig. 31e) and provides active sites near each
single-atom Au. This proximity effectively reduces the transfer
distance of photoinduced electrons and C; intermediates. The
presence of single-atom Au aids the desorption and movement of
the C, intermediate at the phosphorus reactive site, followed by
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C-C coupling at another phosphorus site (Fig. 31f).*** Das et al.
have developed a type-II red-P/Bi,MoOs heterostructure
photocatalyst capable of converting CO, into ethanol under
visible light irradiation and water conditions (Fig. 31g).*** The
composite shows an excellent ethanol conversion rate of
51.8 mmol g ' h™', whereas pristine red-P shows no detectable
ethanol production as it mainly produces methane and formic
acid after light irradiation for 10 hours. To expand the applic-
ability of the catalyst, researchers have investigated the sunlight-
directed photoreduction performance of the optimized red-P/
Bi,M0Os composite. The results reveal an ethanol yield of
34.1 mmol ¢~ ' h™", which is 90.91% of that under Xe lamp
irradiation. To evaluate the catalytic stability, the optimized
composite undergoes five consecutive photocatalytic cycles
and a continuous 30 hour catalytic test. The catalyst shows
great recyclability and stability in CO, photoreduction and no
noticeable change in the photoactivity (Fig. 31h). In the catalytic
process, transformation of the C; intermediate is crucial for
ethanol production. It has been found that using methane as a
reactant does not lead to ethanol formation. However, a 300 mM
methanol solution produces a high yield of 996.3 mmol h™* g™*
of ethanol, indicating that methanol plays a crucial role as an
intermediate in ethanol formation. A new ethanol formation
mechanism has been proposed for the red-P/Bi,MoO, hetero-
structure based on the kinetic isotope effects and in situ diffuse
reflectance infrared Fourier transform spectroscopy, showing
that one OCH;* on the Bi atom and another OCH;* on the Mo
atom interact with the adjacent OH* groups on red-P and
promote C-C coupling and C-H bond cleavage in OCH;.*** This
leads to the formation of a C,H,0,* intermediate with protons
adsorbed on O centers (Bi) and C centers (Mo-0O), ultimately
resulting in ethanol production (Fig. 31i). The red-P in the
composite provides strong visible light harvesting capability
and abundant active sites, forms a heterojunction interface with
Bi,M0O, nanoparticles, prevents recombination of photoin-
duced charges, and improves the charge transfer efficiency of
the system.

5.1.3 Electrocatalytic hydrogen evolution. Electrolysis of
water (H,O(I) — Hy(g) + 1/20,(g)) has a rich history dating back to
1789.*° As one of the water splitting half-cell reactions (2H'(aq) +
2e” — H,(g)), the hydrogen evolution reaction (HER) is an efficient
and green process to convert a secondary energy source (electricity)
into hydrogen fuel. Although the theoretical potential of a normal
hydrogen electrode (NHE) is zero under standard conditions, the
actual HER often requires a higher potential to surmount the
kinetic barrier.**> The discrepancy between the applied potential
and Nernst potential in the HER is referred to as the overpotential
(1).**® Minimizing this overpotential is critical to enhancing the
energy conversion efficiency and H, evolution rate but requires the
development of exceptional electrocatalytic techniques for water
splitting. Different from photocatalytic H, generation, the electro-
catalytic HER relies on external circuit-induced carriers,**” which
enable easy regulation of the catalytic process and adjustment of
catalytic efficiency by modifying the applied current.

The electrocatalytic HER mechanism is a multi-step reaction
that typically takes place on the surface of the catalytic electrode

5438 | Chem. Soc. Rev,, 2023, 52, 5388-5484

View Article Online

Review Article
layer.**® It involves three main steps (adsorption, reduction, and
desorption) and requires either hydronium ions in acidic electro-
Iytes or water molecules in basic media (Fig. 32a).**® The initial
step in this process is the Volmer reaction (eqn (6) and (7)), in
which a proton adsorbs at the active sites of the electrocatalyst
and accepts an electron from the external circuit to form an
adsorbed hydrogen atom (H*). Subsequently, a hydrogen mole-
cule is generated through the Heyrovsky (eqn (8) and (9)) or Tafel
(eqn (10)) routes, or both. In the Heyrovsky route, another proton
migrates to the electrode surface to capture a second electron,
which then combines with the adjacent H* to produce a hydro-
gen molecule. In contrast, in the Tafel route, two neighbouring
H* interact on the electrode surface to generate H,. Finally,
hydrogen molecules are released from the surface of the catalytic
electrode. The electrocatalytic HER can be written as
follows:*>>*40

(1) Electrochemical hydrogen adsorption (Volmer reaction)
H;0'+ M +e~ — M - H* + H,0 (acidic electrolyte)  (6)
H,0+M+e  —» M-H*+OH (alkaline electrolyte) (7)
(2) Electrochemical desorption (Heyrovsky reaction)
H"+e” +M - H* > H, + M (acidic electrolyte)  (8)

H,0+e +M-H* - H, + OH  + M (alkaline electrolyte)

©)
(3) Chemical desorption (Tafel reaction)
2M - H* — H, + 2M (acidic and alkaline electrolytes) (10)
According to the Butler-Volmer equation,*' the intrinsic

exchange current density (i) and free energy of H adsorption
(AGy-) are the crucial factors in catalytic reactions. The strength
of the hydrogen-surface interaction can be used to determine the
efficiency of an electrocatalytic surface in catalyzing the HER.
Increasing the number of active sites or incorporating electron-
rich groups into the electrode surface can decrease AGy~ and
increase i,, which is particularly beneficial for proton reduction
and hydrogen atom adsorption. In addition, the rate-determining
step in the HER process differs between the Volmer-Heyrovsky
and Volmer-Tafel pathways.***** In the Volmer-Heyrovsky path-
way, the Volmer reaction has a higher AGy~ than the Heyrovsky
reaction, making it the rate-determining step of the overall
reaction. In contrast, in the Volmer-Tafel pathway, AGy~ of the
Tafel step is greater than that of the Volmer step, indicating that
adsorbed hydrogen recombination determines the overall
reaction rate.

Based on the analysis above, EPMs exhibit electron-rich prop-
erties, abundant active sites, and reasonable stability, boding well
for the HER. Black-P has been extensively studied as an electro-
catalyst or as a conductive scaffold with a large surface area. Luo
et al.*** utilized a simple solvothermal approach for preparing a
0D-2D Ni,P@black-P heterostructure and demonstrated its excel-
lent electrocatalytic activity for the HER. In the synthesis process,
black-P nanosheets are used as precursors to react with nickel
chloride, resulting in the formation of Ni,P nanocrystals that are

This journal is © The Royal Society of Chemistry 2023
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monodispersed and incorporated in the black-P nanosheets to
create a co-catalytic system. The electrocatalytic performance of
Ni,P@black-P was evaluated using a conventional three-electrode
setup with a 0.5 M sulfuric acid solution. The overpotential
of Ni,P@black-P is only ~107 mV at 10 mA cm >, which
is substantially lower than that of commercial Ni,P particles
(~311 mvV) and pristine black-P nanosheets (600 mV). As shown
in Fig. 32b, Ni,P@black-P shows a small Tafel slope (38.6 mV dec ),
which is comparable to that of a commercial Pt electrocatalyst
(20 wt% Pt/Vulcan XC-72, 30 mV dec™ '), and the entire electro-
catalytic process follows the Volmer-Tafel pathway.*****
Furthermore, the Ni,P@black-P electrode maintains a stable
current density at an overpotential of 107 mV and a well-
defined crystalline morphology even after continuous scanning
for 24 hours (Fig. 32c). The high performance of Ni,P@black-P
is related to the well-designed heterostructure which efficiently
prevents Ni,P nanoparticles from agglomeration and black-P
nanosheets from restacking, thereby increasing the surface
area and abundance of active sites. Additionally, the presence

View Article Online
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of Ni,P tethered to the black-P surface modulates the charge
carrier concentration and optimizes the HER kinetic rate. The
electrocatalytic HER performance of NH,-functionalized black-P
nanosheets in alkaline electrolytes is also outstanding as exem-
plified by an overpotential of 290 mV at 10 mA cm™ > (Fig. 32d).**°
The Tafel slope of NH,-black-P is 63 mV dec ™" (Fig. 32¢) indicative
of the Volmer-Heyrovsky mechanism. Moreover, NH,-black-P
exhibits good stability in the 12 hour chronoamperometric test,
and the polarization curve remains nearly unchanged after 1000
consecutive cycles. Li et al.**” have recently employed a modified
CVT approach to synthesize black-P bulk crystals cost effectively,
which are peeled off into nanostructured sheets for use as an HER
electrocatalyst. The improved electrocatalytic activity of black-P
nanosheets derived from low-cost bulk crystals can be attributed
to the presence of more edge defects than in high-cost black-P,
abundant exposed active sites, and promoted charge transport.
Compared to the traditionally high price of black-P bulk crystals
(about $600 per gram) made from ultrapure red-P,”® there is
potential to reduce the manufacturing costs of black-P and in
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Fig. 32 Applications of elemental phosphorus materials to electrocatalytic hydrogen evolution. (a) Scheme of the hydrogen evolution mechanism on
the surface of a catalyst in acidic (left) and basic (right) media. Reproduced with permission from ref. 439. Copyright 2019 Elsevier. (b) Corresponding
Tafel plots for Ni;P@black-P (BP) and Pt/C. (c) Time-dependent current density curves of Ni;P@black-P under an overpotential of 107 mV. The inset
shows the TEM image and SAED pattern after continuous sweeps for 24 hours. Reproduced with permission from ref. 444. Copyright 2016 John Wiley
and Sons. (d) Voltammetry of different materials for the electrocatalytic HER at a scan rate of 5 mV s~ in 1 M KOH. (e) Tafel plots derived from (d).
Reproduced with permission from ref. 446. Copyright 2018 Royal Society of Chemistry. (f) Voltammetry of porous red-P nanoparticles (P-RPNPs) and

commercial red-P at a scan rate of 5mV st

. (g) Corresponding Tafel plots for porous red-P nanoparticles and red-P. Reproduced with permission from

ref. 448. Copyright 2020 Royal Society of Chemistry. (h) Corresponding overpotentials at a current density of 10 mA cm™2 (430), (i) Tafel plots, and (j) TOF
plots of four electrocatalysts. (k) The 510 vs. Tafel slope of SAP-Mo,C-CS compared to the reported TMC-based catalysts. Reproduced with permission

from ref. 454. Copyright 2020 John Wiley and Sons.
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fact, cost reduction by hundreds of times will promote widespread
use of black-P-based electrocatalysts in industrial production.
Porous red-P nanoparticles have been reported as a potential
metal-free electrocatalyst for the HER.**® Uniform porous red-P
nanoparticles have been prepared by a simple one-pot injection
method involving decomposition of the precursor P,I, and
adding oleic acid for shape control. To evaluate the electro-
catalytic performance, the nanoparticles are dissolved in
toluene as ink and applied to enable red-P to stick to the
surface of the working electrode. As shown in Fig. 32f, the
porous red-P nanoparticles show an overpotential of 218 mV at
a current density of 10 mA ¢cm ™, which is substantially lower
than that of commercial red-P (523 mV), indicating that the
porous morphology improves the HER electrocatalytic effi-
ciency. At this current density, the overpotentials of most
metal-free electrocatalytic materials such as CNTs**° and N-S
co-doped graphene®*® are in the range of 200-425 mV,*"
porous red-P nanoparticles have excellent properties in this
range, which are even comparable to metal catalysts such as
MoS, nanosheets with an overpotential of 205 mV.*>> The Tafel
slope is 156 mV dec™ ' (Fig. 32g), suggesting that the overall
reaction rate is controlled by diffusion.**"**® The long-term
stability of porous red-P nanoparticles is confirmed in an acidic
medium after 45 hours at a static potential of —0.5 V (vs. RHE)
and the cathode current density remains constant even after
6000 cyclic voltammetry cycles from —0.6 to 0.2 V.
Single-atom catalysts have garnered significant attention in
electrocatalysis due to their exceptional atom utilization effi-
ciency and notable reaction selectivity.*>® However, the major-
ity of single-atom catalysts employ metal elements and the
synthesis of non-metal single-atom catalysts is uncommon.
Nevertheless, the electron-rich active sites of non-metal cata-
lysts exhibit reasonable interactions with hydronium ions in
acidic media, indicating their great potential for the electro-
catalytic process. To maximize the utilization efficiency of
phosphorus in the electrocatalytic process, Fu et al. prepared a
highly dispersed single-atom phosphorus embedded on a single-
crystal Mo,C nanosheet array supported by a carbon sheet (SAP-
Mo,C-CS) and demonstrated the robust performance as an
electrocatalyst for the HER.*** As shown in Fig. 32h, SAP-Mo,C-
CS shows an overpotential of 36 mV at a current density of
10 mA cm ™2, which is comparable to that of the commercial Pt/C
electrode (15 mV), and significantly lower than that of Mo,C on
carbon sheets (143 mV) and pristine carbon sheets (316 mV). The
Tafel slope of SAP-Mo,C-CS (38.1 mV dec ') indicates that
the HER process mainly follows the Volmer-Tafel mechanism
(Fig. 32i) and hence, recombination of the adsorbed hydrogen
species determines the overall reaction rate. To elucidate the
intrinsic catalytic activity of SAP-Mo,C-CS, researchers have cal-
culated the turnover frequency (TOF) of each active site (Fig. 32j).
At an overpotential of 0.05 V, the TOF of SAP-Mo,C-CS is
0.23 H,s ', which is similar to the value of Pt/C (0.39 H,s )
and considerably higher than that of Mo,C on carbon sheets,
confirming that the phosphorus single atoms are the primary
active sites in SAP-Mo,C-CS. Notably, SAP-Mo,C-CS exhibits
higher catalytic activity in acidic electrolytes than many transition

and

5440 | Chem. Soc. Rev, 2023, 52, 5388-5484

View Article Online

Review Article

metal carbides (Fig. 32k) and also maintains the stable HER activity
during the chronopotentiometry test for 11 hours. To probe the
mechanism for the high-performance activity of SAP-Mo,C-CS,
researchers have conducted DFT calculations to simulate the
entire catalytic process. The results indicate that the presence of
anchored phosphorus single atoms on Mo,C results in chemical
coupling and accompanying electron redistribution for the unique
HER kinetics. This leads to a free energy of hydrogen adsorption
(AGy) that is almost zero and hydrogen binding strength that is
sufficient to cover the surface, but weak enough to facilitate
desorption of H, molecules for the exceptional HER activity.

5.1.4 Electrocatalytic oxygen evolution. The oxygen evolu-
tion reaction (OER), which takes place on the anodic side of the
water-splitting half-cell reactions (2H,O(l) — 4e~ + 4H'(aq) +
0,(g)), is a complex four-electron transfer process with multiple
steps, making its reaction kinetics more complicated than that
of the HER.**>*°® The OER requires a higher energy input to
overcome the significant kinetic barriers.*”” Due to the sub-
stantial overpotential generated throughout the entire process,
OER electrocatalysis imposes stricter requirements on catalysts
which must possess outstanding catalytic efficiency and long-
term chemical stability.

Regarding the mechanism, owing to the complexity of the
basic reaction involving multi-electron transfer, a comprehen-
sive and unified mechanism for OER electrocatalysis is yet to be
established. Several studies have proposed alternative processes
for the OER under different conditions. Most of the reported
studies on OER electrocatalysis have been conducted under
alkaline conditions, and the mechanism of OER electrocatalysis

in the alkaline medium can be described as follows:*>”*>
M+ OH — MOH +e~ (11)
MOH + OH™ — MO + H,0 + ¢~ (12)
2MO — 2M + O, (13)
MO + OH — MOOH + e~ (14)
MOOH + OH™ — M + O, + H,O (15)

The electrocatalytic active site, denoted by M, initiates the
process by adsorbing OH™ (eqn (11)). The resulting MOH
intermediate then interacts with a second OH™ ion to form
an intermediate MO (eqn (12)). However, researchers have
differing opinions on the subsequent reaction that leads to
the formation of oxygen, suggesting two possible pathways for
the generation of O, from the MO intermediate. In one
proposed route, two MO molecules combine to produce O,
(eqn (13)) but in the other pathway, MO reacts with another
OH  to form an intermediate MOOH which subsequently
decomposes to O, (eqn (14) and (15)). Although there may be
numerous reaction pathways, it is evident that OER electro-
catalysis occurs through heterogeneous catalysis, with the
interaction between OH species and the active site playing a
critical role in OER electrocatalysis.*>’

Significant efforts have been dedicated to investigating the
OER electrocatalytic activity of EPMs. In 2016, Jiang et al.*®®
evaluated the OER performance of black-P materials and

This journal is © The Royal Society of Chemistry 2023
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observed that even black-P bulk forms supported on Ti foil or
carbon nanotubes required only 1.6 V (vs. RHE) to achieve a
current density of 10 mA cm ™2, which is comparable to that of
well-known commercial RuO, (1.59 V)**! and IrO, (1.57 V)***
electrocatalysts. This work demonstrates the potential of EPMs
for OER electrocatalysis and encourages further research into
the electrocatalytic efficiency of low-dimensional black-P and
other phosphorus allotropes. Zhang’s group systematically
investigated the performance of few-layered black-P nanosheets
in the electrocatalytic OER process.*®® The 2D structure of
nanosheets has more active sites for higher electrocatalytic
efficiency than the bulk counterpart, even allowing it to com-
pete with some heterostructure materials.*¢**¢**%5 To examine
the electrocatalytic performance of black-P nanosheets, a three-
electrode setup with a gradient concentration of potassium
hydroxide (KOH) electrolyte is used and surprisingly, when the
electrolyte concentration goes up, the electrocatalytic capability
of black-P nanosheets improves approximately linearly. Under
optimal conditions, i.e., in 1 M KOH solution, black-P nanosheets
exhibit an enhanced current density of 2.7 mA em > at 1.6 V
potential and a reduced onset potential (~1.45 V). The Tafel
slopes of black-P nanosheets in 1, 0.2, 0.1, and 0.05 M KOH are
88, 138, 218, and 307 mV dec™ ',** respectively, demonstrating
that the OH™ concentration influences the electrocatalytic per-
formance (Fig. 33a and b). The high-concentration hydroxide
solution promotes electron transport between the electrolyte and
electrode and also makes the nanosheets more stable. Fig. 33c
shows the current density fluctuation of black-P nanosheets
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Fig. 33 Application of few-layered black-P nanosheets to electrocatalytic
oxygen evolution. (a) Polarization curves of black-P nanosheets in KOH
electrolyte with varied concentrations. The inset shows their corres-
ponding Tafel plots. (b) Calculated Tafel slope, the current density at
1.6 V, and potential at 10 mV cm~2 in relation to the concentration of
OH™. (c) Electrocatalytic OER stability of black-P nanosheets in KOH
electrolyte with varied concentrations. (d) Polarization curves of black-P
nanosheets in corresponding KOH electrolytes before and after
10000 seconds. Reproduced with permission from ref. 463. Copyright
2017 John Wiley and Sons.
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around 6.2 mA cm > in 1 M KOH. It is higher than the current
densities for lower concentrations of KOH over time. After 10 000
s, the black-P nanosheets in 1 M, 0.2 M, and 0.1 M KOH show no
decay in the current density, while a slight drop in the current
density is observed from 0.05 M KOH. Furthermore, the polariza-
tion curves of black-P nanosheets before and after the reaction
remain almost unchanged, except in 0.05 M KOH (Fig. 33d),
indicating that few-layered Black-P electrocatalysts exhibit great
long-term stability within a certain range of alkaline electrolyte
concentrations. DFT-based theoretical calculations have shown
that the oxidation level of pristine EPMs influences the electro-
catalytic activity of the OER.**® Due to the lone electron pair
feature of phosphorus atoms, the catalytic site shows excessive
adsorption to the reaction intermediates (MOH, MO and MOOH),
blocking the subsequent reactions or impeding O, desorption.
Changes in the local oxidation degree (D) of phosphorene
can affect the adsorption energy of O*. When Dy, > 1.8, the O*
adsorption strength decreases rapidly with increasing Dp .
Therefore, partially oxidizing the phosphorus surfaces may
alleviate the adsorption strength and increase the catalytic
efficiency.

Similar to HER electrocatalysis, element doping,*®” combi-
nation with other materials,’®® and designing catalyst
scaffolding®® are strategies to enhance the OER electrocatalytic
activity of EPMs. Inspired by a novel photocatalyst of red-P-
black-P heterostructure created by Shen and colleagues,”’® Xu’s
group synthesized a series of composites of red-P-black-P
chemically bonded with expanded graphite (RP-BP/EG) or
carbon nanotubes (RP-BP/CNTs) using a high-energy ball
milling technique and compared the OER electrocatalytic
activities.””"”*> The primary factors influencing the catalytic
performance of the composites are the ball-milling time and
relative mass ratio of the carbon-based materials. The P-C bond
cannot be formed if the ball-milling time is too short but if it is
too long, the heterogeneous structure collapses, and the
catalyst surface is damaged, hindering O* adsorption. Excess
or insufficient EG or CNTs can make it difficult for the active
sites to form or be buried. Under optimum circumstances, the
overpotential of RP-BP/EG reaches 328 mV vs. RHE at
10 mA cm™ > Although this value is similar to that of some
nitrogen-doped carbon materials and surface-oxidized multiwall
carbon nanotubes,*”>*7>%7* the overpotential of RP-BP/CNTs is
only 263 mV at the same current density.*”> The Tafel slope of RP-
BP/EG is smaller than that of RP-BP/CNTs, indicating that the
former has a faster electron transfer rate or the two systems have
different rate-determining steps. However, the strength of the P-
C bond varies due to the diversity of carbon nanostructures thus
altering the stability of heterostructures, and the nanostructures
also impact the catalytic area and density of active sites. Further
investigations are required to determine the influence of compo-
site nanostructures on OER electrocatalytic efficiency.

EPMs have shown promise in both the HER and OER, and
researchers have attempted to develop these materials as
bifunctional electrocatalysts for overall water splitting. In
2018, our group synthesized monodispersed in-plane black-P/
Co,P heterostructures by a simple solvothermal method in

Chem. Soc. Rev., 2023, 52, 5388-5484 | 5441


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cs01018f

Open Access Article. Published on 17 July 2023. Downloaded on 3/13/2026 7:37:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

which Co,P nanocrystals were selectively grown on black-P edge
defects.””> Co,P in the heterostructure not only occupies the
black-P defects to improve the stability, but also provides more
effective electrocatalytic active sites. Moreover, the bulging
morphology alleviates agglomeration of black-P nanosheets
and increases the exposure of active sites and gas effusion.
The electrocatalytic activities and stability for the HER and OER
are improved compared to pristine black-P and they are even
comparable to those of commercial electrocatalysts (Fig. 34a—d).
Given the outstanding performance of black-P/Co,P in the HER
and OER, a dual-electrode system has been constructed
with black-P/Co,P as both the cathode and anode to evaluate
the overall water-splitting activity in 1.0 M KOH electrolyte
(Fig. 34e).””> The system achieves a current density of 10 mA cm >
at a voltage of 1.92 V (Fig. 34f), demonstrating the great
potential of this electrocatalyst for overall water splitting.
Similarly, Li et al. prepared a bifunctional HER/OER catalyst
(CoFeO@Black-P) by growing amorphous multi-transition
metal (cobalt and iron) oxides on 2D black-P nanosheets.*”®
The water electrolysis cell with CoFeO@Black-P electrodes
reaches a current density of 10 mA cm > at a voltage of
1.58 V in 1 M KOH, and maintains 93% of the initial current

0 08
1.0 M KOH 25 mvidec . 1.0 M KOH
20 ——BPICoP 08 =" ——BPICo,P
Ng -40{ ——PVC ® 04
s £
5 V1dec
E a0 SeMbe0; 3 02 0.5M H,S0,
£ ——BPICo,P g BP/Co,P 62 mvidec
——BP &
801 —puc 00y T8 T
—PUC
100 02
06 -05 04 -03 -02 20 15 10 05 00 05 10 15
E (Vvs. RHE) f log j (mA/em?)
Overall 20
Water = +
Splitting v BPICO,P (1.0 MKOH)
15
He © €
S0
E
5
LOMKOH 1.0 12 14 16 18 20
BP/Co,P Voltage (V)
|
H,0
Phosphide
G——
H generated HER
2

CoFeO@BP

View Article Online

Review Article

density after the 24 hour of operation (Fig. 34g and h). As shown in
Fig. 34i, metastable CoFe oxides can react with the phosphorus
source provided by black-P to in situ form CoFe phosphide as the
active sites in HERs. On the other hand, the rich oxygen vacancies
in CoFe oxides catalyze the OER through lattice oxygen oxidation
mechanism. Other effective bifunctional electrocatalysts including
BPQDs/MXene nanohybrids,”” black-P@N-doped graphene,*’®
and black-P@1‘ed—P—g—C3N4,479 have also been reported for overall
water splitting.

5.1.5 Electrocatalytic and photocatalytic nitrogen reduction.
Ammonia (NHj3) is one of the largest-output chemical products in
the world,****** and holds considerable importance in the global
economy. For centuries, scientists have sought to convert atmo-
spheric nitrogen into ammonia for industrial applications, and
the Haber-Bosch process was developed in the early twentieth
century to realize this goal. Today, the Haber-Bosch process
remains widely employed and accounts for nearly 90% of global
ammonia production annually.****%* However, the primary lim-
itation of this technique is the high temperature (350-550 °C) and
pressure (200-350 atm) required in the reaction.*®>**® Conse-
quently, the Haber-Bosch process is a high-energy demanding
process, contributing to approximately 1% of worldwide annual
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Fig. 34 Applications of elemental phosphorus materials to electrocatalytic overall water splitting. (a) HER polarization curves of pristine black-P (BP), BP/
Co,P, and Pt/Cin 0.5 M H,SO4 and 1.0 M KOH. (b) Corresponding Tafel plots for BP, BP/Co,P, and Pt/C in (a). (c) OER polarization curves of BP, BP/Co,P,
and RuO, in 1.0 M KOH. (d) Corresponding Tafel plots for BP, BP/Co,P, and RuO, in (c). (e) Scheme of electrocatalytic overall water splitting for BP/Co,P.
(f) Polarization curve of BP/Co,P for overall water splitting in 1.0 M KOH. Reproduced with permission from ref. 475. Copyright 2018 John Wiley and Sons.
(9) Polarization curves of CoFeO@black-P and Pt/C-RuO, for overall water splitting. (h) Stability test of CoFeO@black-P. The inset shows bubble
formation from both electrodes during electrolysis. (i) Proposed mechanism of CoFeO@black-P for electrocatalytic overall water splitting. Reproduced

with permission from ref. 476. Copyright 2020 John Wiley and Sons.
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energy consumption.*®” Inspired by the natural nitrogen fixation
of rhizobia,*®® researchers are exploring milder methods to
achieve an ambient nitrogen reduction reaction (NRR). Electro-
catalytic and photocatalytic NRRs offer promising and sustain-
able strategies for future ammonia production.

Understanding the mechanism of the NRR process is critical
to designing an ideal NRR catalyst. Generally, nitrogen reduction
on a heterogeneous catalyst surface follows either an associative
or dissociative pathway, where the primary difference between
the two is the time required to break the N=N triple bond
(Fig. 35a).*®**% In the associative process, a nitrogen molecule
initially adsorbs on the catalyst surface and is then hydrogenated.
Following hydrogenation, the N=N triple bond breaks, leading
to the formation of ammonia molecules. Since the nitrogen
molecule contains two nitrogen atoms, hydrogenation occurs
through two distinct routes: distal and alternating hydrogena-
tion. In the distal route, hydrogenation commences on the N
atom farthest from the catalyst surface, and one NH; molecule is
formed from this N atom. The hydrogenation process then
proceeds to the N atom closest to the catalyst surface, generating
the second NH; molecule. In contrast, in the alternating route,
hydrogenation occurs alternately between the two N atoms,
resulting in a continuous hydrogenation cycle where the first
NH; molecule is released immediately followed by the second
NH; molecule. On the other hand, in the dissociative process, the
N=N triple bond breaks before hydrogenation, leaving two
adsorbed N atoms on the catalyst surface. These two atoms are
then hydrogenated individually before forming NH; molecules. It
is worth mentioning that the specific NRR mechanism (associa-
tive or dissociative) followed by different NRR catalysts is mostly
driven by their atomic and electronic structures,**® which must
be verified by theoretical calculations and experiments.

Developing high-performance NRR catalysts is a challenging
task. The cleavage of the N=N triple bond requires a significant
amount of energy (941 k] mol *),*** and throughout the catalytic
process, the HER always competes with the NRR at the catalyti-
cally active sites,*®”*8192 Jeading to a catalytic selectivity issue.
Therefore, a state-of-the-art NRR catalyst must not only fulfil the
conventional requirements for a high density of active sites and
material stability, but also exhibit exceptional catalytic selectivity.
This means that the catalyst surface binding strength of nitrogen
must be greater than that of hydrogen to favour electron transfer
along the NRR pathway. Due to the similar valence electronic
structures of phosphorus and nitrogen (3s’3p® and 2s°2p°,
respectively),”*** nitrogen has a stronger affinity for the surface
of phosphorus-based materials, giving EPMs a unique advantage
as NRR catalysts.

In 2019, Wang’s group demonstrated that few-layered black-
P nanosheets perform well as NRR electrocatalysts under
ambient conditions.*®* To determine the electrocatalytic activity,
they selected 0.01 M HCI as the acidic electrolyte in a standard
three-electrode setup, and a few-layered black-P suspension was
dropped onto carbon fibers as the working electrode. As shown in
Fig. 35b and c, the catalytic electrode achieved the highest
Faradaic efficiency of 5.07% at —0.6 V, with a maximum
NH; production rate of 31.37 pg h™' mge. ' at —0.7 V.
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The few-layered black-P electrocatalyst outperforms its bulk
counterpart (0.13% Faradaic efficiency, 0.036 pg h™* mge,. '), as
well as various metal-free catalysts (e.g., N-doped porous carbon
with a Faradaic efficiency of 1.42% and 23.8 pug h™! mg.,. ') and
metal-based catalysts (e.g:, Au-TiO, sub-nanoclusters with a
Faradaic efficiency of 8.11%and 21.4 pg h™" mge,. ~).**>*°° More-
over, the UV/vis absorption spectra and chromogenic reactions
indicate that no obvious side-product (N,H,) is generated through-
out the electrocatalytic process, confirming the high catalytic
selectivity of few-layered black-P. Based on DFT calculations for
the molecular orbitals of black-P, the NRR catalytic process follows
an alternating hydrogenation pathway in an association mecha-
nism (Fig. 35d).*** This study not only demonstrates the feasibility
of using black-P materials for the electrocatalytic NRR under
ambient conditions, but also serves as a model for investigating
the NRR mechanisms of EPMs. Zhu’s group has reported a
straightforward vdW assembly approach for loading BPQDs onto
wrinkled MnO, nanosheets (Fig. 35¢), which leads to enhanced
NRR electrocatalytic activity compared to pristine materials.*®”
The maximum NH; generation rate of BPQDs/MnO, is
25.3 ug h™' mg... " and its Faradaic efficiency is 6.7% at an
applied potential of —0.5 V (vs. RHE). The outstanding electro-
catalytic performance can be ascribed to the strong synergistic
effects of BPQDs/MnO,.*°” The wrinkled MnO, nanosheets act
as a flexible substrate to prevent severe BPQD aggregation
during the catalytic process. The edges and defect sites of
MnO, nanosheets exhibit reasonable electrocatalytic activity.
Moreover, BPQDs with an abundance of active sites serve
as the primary NRR catalyst and physical spacer to prevent
restacking of MnO, nanosheets and maintain the structural
stability of the composite.

Other EPMs have also shown potential for NRR electrocata-
lysis. Our group has conducted a series of DFT calculations and
found that crystalline red-P (fibrous phase) nanoribbons have
potential electrochemical nitrogen fixation activity. On the sur-
face of crystalline red-P nanoribbons, the NRR process can be
carried out through the proton-coupled electron transfer path-
way, with the associative mechanism being preferable, followed
by distal hydrogenation. The initial step of adsorbed N, hydro-
genation to NNH* is proposed to be the rate-determining step
due to the largest energy input required. Experimentally, we have
carried out the electrocatalytic test in a gastight H-type electrolytic
cell with 0.1 M Na,SO, electrolyte and placed crystalline red-P
nanoribbons onto a nickel foam as the catalytic electrode. The
catalytic electrode delivers efficient and durable NRR perfor-
mance, at an optimal NH; production rate of 15.4 ug h™" mge,.
at —0.4 V and a faradaic efficiency of 9.4% at —0.2 V. Compared
to the few-layered black-P electrocatalyst developed by Wang’s
group, crystalline red-P nanoribbons exhibit a lower optimal
voltage but a higher Faradaic efficiency due to the increased
charge transfer and exposed-edge active sites of the quasi-1D
structure.”” However, the ammonia production rate of crystalline
red-P nanoribbons is still limited and the development of red-P-
based materials for NRR electrocatalysis still has a long way to go.

Compared to the deeper armchair ridges of black-P, the
hexagonal lattice structure of blue-P with zigzag ridges is
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vdW assembly of BPQDs onto MnO, nanosheets for NRR electrocatalysis. Reproduced with permission from ref. 497. Copyright 2020 John Wiley and
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relatively isotropic, making it an ideal candidate for multi-
electron transfer. Recently, Zhang et al. have demonstrated that
a kinetically stable W-N; center supported by blue-P exhibited
great NRR catalytic activity with a limit potential of —0.02 V
based on DFT calculations.””® The W atom plays a crucial role
in weakening the N=N triple bond by accepting lone electron
pairs from N, and donating electrons to the anti-bonding
orbitals of N,,**® enabling N, molecules to readily adsorb on
the composite surface. The Gibbs free energy variations of the
intermediates suggest that the associative distal mechanism is

5444 | Chem. Soc. Rev., 2023, 52, 5388-5484

the most favourable in this system (Fig. 35f). Additionally, the
high selectivity of the NRR can be achieved due to the high free
energy barriers for the HER (0.83 eV) and the ultralow free
energy barriers for the NRR (0.02 eV). This work provides
theoretical guidance for the development of blue-P-based NRR
electrocatalysts.

The solar-powered photocatalytic NRR is a promising low-
cost, green, and sustainable strategy for ammonia production.
However, the high energy barrier of the six-electron reaction that
activates and breaks the strong N=N bond by photocatalysts,

This journal is © The Royal Society of Chemistry 2023
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hinders the reaction kinetics, resulting in relatively low photo-
catalytic NRR efficiency. Thus, developing highly active photo-
catalysts is crucial for achieving an efficient photocatalytic NRR.
Our group has synthesized edge-rich black-P nanoflakes using a
simple chemical etching exfoliation method, which achieves an
efficient photocatalytic NRR without using any cocatalysts.>*® The
abundant edges of the resulting nanoflakes offer numerous
active sites for N, adsorption and complete activation of the
N=N bond to enhance the reduction of N,. Moreover, the black-
P nanoflakes exhibit good water dispersibility, enabling full
contact with the reactants. As a result, edge-rich black-P shows
a high catalytic nitrogen fixation rate of 2.37 mmol h~" ¢~ under
visible light irradiation, which is higher than 0.9 mmol h™" g~*
shown by conventional black-P nanoflakes. This work highlights
the impact of black-P morphology on catalytic efficiency, and the
development of black-P materials with nanostructured design for
NRR electrocatalysis is a promising research direction. Alterna-
tively, incorporating co-catalysts has demonstrated acceleration
of charge transfer and improvement in photocatalytic nitrogen
conversion to some extent. However, controlling the interface
state and studying the charge transfer at the interface remain a
challenge. To address this, Shen et al. have selectively deposited a
Ni,P layer at the edge of black-P nanosheets, forming a 2D-2D
heterojunction with plentiful Ni-P bonds.>** The resulting Ni,P-
BP heterojunction has improved photocatalytic NRR properties
such as an NH; generation rate of 6.14 umol h™' g~' under
visible light irradiation, which is 1.56 times higher than that of
the Ni-P bond-free Ni,P nanoparticle loaded black-P photocata-
lyst. This indicates that the interfacial Ni-P bonds plays a critical
role in the catalytic process by facilitating interfacial charge
transfer and enabling photoexcited electrons on the conduction
band of black-P to efficiently transfer to Ni,P and enhance the
separation efficiency of electron-hole pairs. Moreover, the Ni,P
layer chemically passivates the edges of the black-P nanosheets
and improves the stability of the system during the electro-
catalytic process.

Compared to the electrocatalytic process with continuous
and stable external bias potentials, the photocatalytic NRR
faces challenges of low conversion efficiency and unstable
conversion processes. However, by combining the advantages
of both photocatalysis and electrocatalysis, the N,-to-NH; con-
version efficiency can be further improved through photoelec-
trochemical reactions. With these principles in mind, our
group has developed a black-P photoelectrochemical electrode
and investigated its catalytic nitrogen conversion activity under
normal environmental conditions.”® The electrode shows
remarkable catalytic activity with an ammonia yield rate of
102.4 pg h™' mg.. ' and a Faradaic efficiency of 23.3% at
—0.4 V, outperforming most metal-free photocatalysts or elec-
trocatalysts for the NRR.’*> Moreover, the black-P electrode
exhibits great stability after 6 consecutive cycles. The excep-
tional NRR activity of the black-P electrode can be ascribed to
the synergistic effect generated by photoexcitation and external
bias (Fig. 35g), in which the photoexcitation boosts the average
electron energy and charge exchange efficiency and facilitates
the electrocatalytic process, while the external bias potentials
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improve the separation of photoexcited electron-hole pairs,
promoting the photocatalytic process. Considering the excellent
charge mobility of black-P and the strong visible-light absorp-
tion and chemical stability of red-P based materials such as
amorphous red-P, violet-P, and fibrous-P, the future develop-
ment of black-P/red-P homojunctions for photoelectrochemical
ammonia production holds great promise.

This section has discussed the mechanism and performance
of EPMs in photocatalytic/electrocatalytic water splitting, carbon
dioxide reduction, and nitrogen fixation. It has underscored the
need for a deeper understanding of reaction pathways and
intermediate products in the catalytic processes involving differ-
ent phosphorus materials. Attention should be given to the role
of excitons in photocatalysis, the selectivity in carbon dioxide
reduction, and how certain material structures lead to different
products. For electrocatalysis, the establishment of standardized
criteria to assess the catalytic activity of EPMs and evaluating
their contributions in composite systems are areas warranting
further exploration.

5.2 Energy storage applications

5.2.1 Hydrogen storage. Hydrogen is a sustainable energy
carrier and plays an essential role in solving energy crises and
environmental concerns. However, one of the major obstacles to
its widespread use is the lack of efficient hydrogen storage
technologies, particularly in fuel cell-based light-duty vehicle
systems.>*>*** Currently, the most common method for hydrogen
storage is compressed gas storage but this method involves storing
gaseous hydrogen in an alloyed tank at a pressure of 700 bar with a
gravimetric density of 4.2 wt%.’°> Although this approach is
simple and efficient, it poses safety concerns such as gas leakages,
high-pressure operations, and vessel explosions. Another widely
used technology for hydrogen storage is liquefaction which was
developed in the 1990s. This approach involves cooling hydrogen
to —253 °C to produce liquefied hydrogen.’*® The liquefaction
storage density (70.8 kg m ®) is much higher than that of
compressed gas (35 kg m™?), but it suffers from evaporation loss
and high energy consumption problems.

Solid-state storage technologies such as metal hydride tech-
niques, physisorption, and chemical adsorption have garnered
considerable attention as a potential alternative to conventional
hydrogen storage technologies.’®” The search for suitable solid-
state storage materials is ongoing and promises to yield exciting
possibilities.***>'° According to the US Department of Energy
(USDOE) targets for 2020,>**°** high-efficiency hydrogen storage
materials with a gravimetric density of 5.5 wt% should be
employed with hydrogen reversibility occurring at temperatures
ranging from —40 to 60 °C at a filling/releasing rate of
1.5 kg H, min~". This criterion requires that the energy asso-
ciated with adsorbing each hydrogen molecule must be within an
appropriate range to regulate the adsorption/desorption kinetics.
To date, many publications have demonstrated that carbonac-
eous materials can be used for hydrogen storage.>'*>'® However,
pure carbon atoms have a low affinity for hydrogen, and there-
fore, metal doping is a viable strategy for enhancing hydrogen
adsorption. Nonetheless, metal atoms are prone to clustering on
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the carbon matrix, resulting in low reversibility and an inability to
meet the long-term hydrogen storage requirement.

In comparison to carbonaceous materials, metal atoms on
phosphorene exhibit significantly lower tendencies for cluster
formation. Although phosphorene is heavier than graphene, it is
lighter than many other prominent 2D materials, including
MXenes and TMDs, resulting in a high gravimetric density. In
2014, Li et al®" conducted the first study on Li-decorated
monolayer black-P using theoretical calculations. Li-decorated
black phosphorene exhibits a hydrogen storage capacity of 8.11
wt% and average adsorption energy of 0.18 eV per H,, exceeding
the hydrogen storage targets established by USDOE. Luo et al.>"?
have demonstrated better hydrogen storage performance for Li-
decorated single-layered blue-P. At a Li/P ratio of 1:1, the
interaction between Li atoms and blue-P is sufficiently strong,
maintaining the Li atom dispersion. Due to the space constraint
surrounding Li atoms, double-layer adsorption occurred, and
each atom can adsorb two molecules of H,, leading to a hydro-
gen storage capacity of 9.52 wt%. This can be attributed to blue
phosphorene having a flatter in-plane structure than black
phosphorene, and the zigzag ridges aiding in the dispersion of
Li atoms. Recently, Xu et al>'® have used a solvothermal
approach to prepare Co-doped black-P nanosheets and evaluated
their efficacy in electrochemical hydrogen storage. The
optimal hydrogen storage capacity of Co-doped black-P reaches
6200 mA h g (ie, 18 wt% of composite weight), and the
average capacity is ~10.3 times that of pristine black-P
nanosheets. The active catalytic sites of Co atoms that facilitate
hydrogen transfer are primarily responsible for the electro-
chemical hydrogen storage ability of the composite. Additionally,
Co doping reduces the bandgap and increases the conductivity
to provide favourable conditions for electrochemical hydrogen
storage. However, most of the research on hydrogen storage in
phosphorene is still in the theoretical stage, and several studies
based on DFT calculations have been conducted to investigate
the hydrogen capture capability of phosphorene.>'*™>%

5.2.2 Lithium-ion batteries. Lithium-ion batteries (LIBs)
are one of the most potent electrochemical energy storage devices
capable of reversibly converting chemical energy into electrical
energy.”>* % They are widely employed in a variety of electronic
devices, including cell phones, laptops, and electric vehicles. In
2019, John B. Goodenough, M. Stanley Whittingham, and Akira
Yoshino, who made revolutionary breakthroughs in the develop-
ment of LIBs, were awarded the Nobel Prize in Chemistry in
recognition of their achievements.”*® Lithium atoms possess the
lightest mass and smallest radius among all metal atoms,**® and
these remarkable properties enable LIBs to have energy densities
2-3 times greater and power densities 5-6 times higher than
conventional nickel-chromium and lead-acid batteries.>*®

In LIBs, the specific capacities of anode and cathode materials
primarily determine the energy capacity and charge/discharge
rate. Commercially available LIBs often employ graphite anodes
and lithium metal oxide cathodes, resulting in a theoretical
energy capacity of approximately 400 W h kg™" and a practical
capacity of around 200 W h kg™ ".>*° However, this performance
falls short of the increasing requirements for electrochemical
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energy storage devices, thus necessitating enhancements in the
specific capacity of LIBs. Beyond graphite anodes, considerable
efforts have been devoted to layered materials, which can be
divided into four categories: 2D monoelemental materials
(Xenes),*" metal nitrides/carbides (MXenes),”** transition metal
dichalcogenides (TMDs),>** and transition metal oxides (TMOs).>**
Low-dimensional EPMs have garnered significant interest as
potential LIB anodes among the Xenes. For example, black-P
possesses a low diffusion energy barrier for lithium ions
(0.08 eV),>*> enabling it to exhibit 10> and 10" times faster lithium
ion diffusion rates than MoS, and graphene, respectively, thereby
suggesting a rapid charge/discharge rate. Moreover, the theoretical
specific capacities of EPMs reach 2596 mA h g~ surpass those of
most TMOs and TMDs.>**>*” These characteristics render EPMs a
promising anode material for the next-generation LIBs and other
electrochemical energy storage devices (Table 3).

The working mechanism of LIBs is characterized by two
primary phases: lithiation and delithiation.>*®**° During the
charging process, energy is stored as chemical energy and an
external current drives lithium ions to the anode, where they
are intercalated into the phosphorus interlayer, forming a new
phase of Li;P. During the charging process, the thermodyna-
mically favourable delithiation continues. LizP progressively
decomposes, and the intercalated Li atoms contribute their
valence electrons to the external circuit, resulting in the for-
mation of Li". Eventually, the contributed electrons congregate
at the cathode, dragging Li" across the electrolyte and accumu-
lating in the cathode materials. Given the significant volume
changes that occur during each lithiation/delithiation process,
maintaining the anode structure is critical to achieving long-
cycle performance in LIBs.

Experimental studies have been conducted on black-P,
amorphous red-P, violet-P, and fibrous-P as anode materials
for LIBs, with blue-P and green-P LIBs being theoretically proven
to be viable.”***° In the past few years, black-P has garnered
significant interest, and the mechanism of the lithiation/
delithiation process in black-P has been more explicitly defined.
The structure of black-P is highly anisotropic, and lithium ions
prefer diffusing along the shallower zigzag ridges rather than
the armchair ridges with a relatively higher energy barrier of
0.68 €V.>*> Moreover, a semiconductor-to-metallic transition
occurs during the Li* intercalation process,>*' leading to
increased electronic conductivity of the black-P anode. Parker
et al.>** were the first to report the black-P-based anodes for
LIBs and found that bulk black-P exhibited a reversible rated
charge capacity of 1279 mA h g~'. While this value exceeds that
of commercial graphite (372 mA h g™ '), it only reaches half of
the theoretical capacity, and the initial cycle efficiency remains
relatively low (57%). In 2019, Chen et al.**° synthesized fibrous-
P and violet-P bulk crystals through a CVD method and demon-
strated that these two EPMs have the potential to be LIB anodes
as well. The first discharge capacity of the fibrous-P anode is
1783 mA h g ' and that of the violet-P anode is 2113.8 mAh g™ *,
with Coulombic efficiencies of 81.04% and 75.76%, respectively.
However, fibrous-P and violet-P anodes display irreversible
capacities after several dozen cycles, limiting their long-term

This journal is © The Royal Society of Chemistry 2023
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capacity retention. Generally, pristine bulk materials lack rational
structural designs,”*® and abrupt pulverization of the anode
materials during the delithiation process leads to undulation of
the lattice structure, resulting in a substantial volume expansion
of up to 300%.>** This can lead to the loss of electrical contact
within the active material, resulting in a rapid decay of the battery
capacity.

Nanostructured design can enhance electrochemical reac-
tions and improve active material utilization.>*>>*® Among
various nanostructured strategies, exfoliating the bulk phase
into 2D nanosheets is a widely adopted method that can decrease
electrode thickness, reduce electron and ion diffusion distances
within the electrode layer, and ultimately enhance the volumetric
energy density of LIBs. However, 2D phosphorene nanosheets
with large specific surface areas suffer from restacking and
detrimental parasitic reactions with the electrolyte. These reac-
tions often occur at the edge of the phosphorene zigzag diffusion
channel, resulting in the distortion of the surrounding phos-
phorus atoms.>*” Alternatively, the development of 3D electrode
architectures is another design option for enhancing perfor-
mance. Zhu et al. have developed a green and template-free
hydrothermal approach to synthesize honeycomb-like micron-
sized red-P with a tunable porous architecture.>*® The optimal
porous red-P anode delivers exceptional lithium storage
performance, achieving a substantial reversible capacity of
2587.4 mA h g7 ' at 50 mA g~ ' and a capacity retention of
~81.9% at 500 mA g~ " after 500 cycles. The results from in situ
TEM and ex situ SEM measurements indicate that the porous
structure buffers the volume variations throughout the lithiation/
delithiation process, improving the long-cycle stability of the
anode materials.

Currently, commercial LIBs offer limited power densities
typically ranging from 100 to 300 W kg™ ' and require long
charging time to ensure safe operation.®*>*°® To enhance battery
utilization efficiency in portable electronics and electric vehicles,
it is crucial to develop high-energy-density LIBs that possess
superior fast-charging capabilities. EPMs are promising candi-
dates as anode materials due to their high theoretical specific
capacity (2596 mA h g~ ') and moderate lithiation potential (0.7 V
vs. Li'/Li). However, challenges such as limited conductivity,
sluggish reaction kinetics, and unstable solid-electrolyte inter-
phase (SEI) impede the high-rate capability of the phosphorus
anode during the lithiation/delithiation process. Despite self-
structure redesign efforts, there are still limitations, and new
strategies are required to optimize the performance of EPMs as
anode materials in fast-charging LIBs.>*® Carbonaceous materials
possess good electrical conductivity and material stability and
their incorporation into the anode can effectively improve the
fast-charging capabilities of EPMs. In carbon-phosphorus (P/C)
composites, the presence of high-conductive carbon-rich materi-
als amplifies lithium ion diffusion in the anode by reducing the
polarization effect,*"”
external buffer layer to control volume changes.®®® Cui’s group
designed a red-P/C nanocomposite for fast-charging LIBs by an
adsorption and surface cleaning approach.?® The average thick-
ness of red-P/C electrodes is 21.5 um, featuring an industrial-

and carbon-rich materials also act as an
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grade areal capacity of around 3.5 mA h cm™? at 0.5 mA cm™ >
This thickness is considerably less than that of the commercial
graphite (76.3 pm) and Li,Ti;O;, (124.5 pum) electrodes at
the same areal capacity (Fig. 36a). Consequently, the total volu-
metric capacity of the red-P/C electrode is 1628 mA h cm >, far
surpassing that of graphite (459 mA h ecm™) and LisTisOq,
(281 mA h em™?) electrodes (Fig. 36b). The red-P/C nanocompo-
site also exhibits an extended cycle life. After 500 discharge-
charge cycles, the red-P/C electrode shows a specific capacity of
1625 mA h ¢~ " and retention rate of around 90% at 0.86 mA cm >
(0.2C). Following long-cycling, the red-P/C electrode retains its
morphological integrity and electrical connectivity without

LiaTisO12

Graphite

~ Cufoil

Al foil

View Article Online

Review Article

fractures or contact losses after long-cycling tests. A uniform
and thin solid-electrolyte interphase layer (<50 nm) is formed on
the surface of a red-P/C nanoparticle, while the interior nanoscale
void spaces are well preserved to buffer the volume changes after
100 cycles.” These findings demonstrate that the red-P/C nano-
composite is structurally robust at both the electrode and particle
levels, enabling stable battery cycling and high specific capacity at
relatively high current densities.

Sun et al. have proposed that the formation of robust P-C
bonds in P/C composites can minimize electrical contact loss
between the active materials and the carbon conductor and
improve the cyclic stability of P/C composites.**® They evaluated

Capacity based on total electrode (mAh g'j)
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Fig. 36 Applications of elemental phosphorus materials to LIBs. (a) Cross-sectional SEM images of P/C, graphite, and Li,TisO1, anodes with the same
areal capacity of 3.5 mA h cm™2 at 0.5 mA cm™2. (b) Comparison of capacities and volumetric capacities of P/C, graphite, and Li,TisO:, anodes with the
same areal capacity of 3.5 mA h cm~2 at 0.5 mA cm™2. Reproduced with permission from ref. 29. Copyright 2019 Elsevier. (c) Scheme of the synthesis of
Bi—P/C composites. (d) Long-cycling stability of Bi-P/C and P/C at 7.8 A g~*. (e) Corresponding voltage profiles of Bi-P/C at 7.8 A g™~ (f) Rate
performance comparison between Bi—P/C and P/C anodes across a range of rates from 0.052 to 13 A g~*. Reproduced with permission from ref. 551.
Copyright 2022 John Wiley and Sons.
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the impact of the carbon structure on stable P-C bond for-
mation by comparing four common carbon materials: graphite,
graphite oxide, carbon black, and fullerene. Their findings
demonstrate that the black-P-graphite composite has the greatest
proportion of P-C bonds, making it an optimal choice as a LIB
anode material with extended cycle life and high-rate perfor-
mance. At a constant current of 0.2C, the black-P-graphite
composite displays an impressive initial discharge capacity of
2786 mA h g ' and excellent stability. Specifically, it maintains a
remarkable capacity of 1849 mA h g~ " after 100 cycles, whereas
the capacity of black-P/graphite without robust P-C bonds
declines rapidly after only 40 cycles. However, the fast-charging
capabilities of P/C composites are limited by the high lithium
diffusion barrier (0.34 V) of carbon carriers and the heteroge-
neous interface.®® To address these issues, Sun et al have
recently incorporated electrochemically active bismuth nano-
particles into P/C composites by ball milling (Fig. 36¢) to improve
fast-charging and cycling.>®" In principle, Bi possesses a slightly
higher initial lithiation potential than P, enabling it to act as a
modest Li reservoir that traps Li during lithiation. Meanwhile,
initial delithiation potential of Bi is slightly lower than that of P,
allowing it to emit Li before P during delithiation. Moreover, the
Bi anode exhibits a low Li" diffusion barrier (0.08 eV) and
excellent electron transfer ability. Its strong interaction with P
promotes Li" transport while reducing large transient stress and
capturing dissolvable polyphosphide at elevated current densi-
ties. The optimized Bi-P/C anode delivers excellent electro-
chemical performance, with a substantial fast-charging capacity
of 1755.7mAh g~ " at 7.8 Ag~ " (5.2C) and it maintains a capacity
retention rate of 86.3% after 300 cycles, which is better than the
60.7% retention rate of the pristine P/C anode after 300 cycles
(Fig. 36d).>>' Morphological studies reveal that the Bi-P/C anode
maintains a smooth and dense surface with a volume expansion
of ~164.7% after 300 cycles, while the P/C anode has huge
surface cracks with a larger volume expansion of ~268.2%.
Moreover, the discharge platform of the Bi-P/C anode is around
0.66 V at the 200th cycle (Fig. 36e), effectively inhibiting Li
dendrite formation. The AE, of the Bi-P/C anode (0.45 V) at
the 200th cycle is considerably lower than that of P/C (0.91 V) at
7.8 A g ', suggesting that the Bi-P/C electrode provides ultrafast
lithiation/delithiation reaction kinetics. As depicted in Fig. 36f,
the Bi-P/C anode exhibits remarkably high-rate discharge capa-
cities at rates ranging from 0.052 to 13 A g~ ', while the P/C anode
shows inferior discharge capacities. Additionally, both Bi and
LiBi are calculated to have high adsorption energies for LiP; and
LiPs, indicating their ability to capture and facilitate the conver-
sion of soluble lithium polyphosphides, resulting in increased
reversible capacity and improved cycle stability.

Introduction of a conductive polymer coating layer into P/C
composites has been shown to be effective in stabilizing the
solid-electrolyte interphase and preventing the formation of
low-conductivity by-products during fast charging. Ji’s group
has developed a covalently bonded black-P/graphite anode
coated with a thin polyaniline gel ((BP-G)/PANI), which has a
high rate, high capacity, and robust cycling stability.>** The
covalent bonding to graphite inhibits edge reconstruction of
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layered black-P and maintains the structure of phosphorus atoms
surrounding the zigzag diffusion channel, while the conductive
PANI facilitates charge transfer at the electrode-electrolyte inter-
face (Fig. 37a). After 2000 cycles at current densities of 2.6,
5.2 and 13 A g, the reversible capacities reach 910, 790 and
440 mA h g™, respectively (Fig. 37b). The high-rate performance
of (BP-G)/PANI exceeds that of conventional carbon anodes and
advanced silicon anodes and is comparable to that of several
well-known high-rate materials (Fig. 37c). To probe the role of
different components in (BP-G)/PANI composites, researchers
have prepared several composite materials for comparison
(Fig. 37d). The (BP-G)/PANI composite exhibits a reversible
capacity of 1520 mA h g~ at 0.26 A g~ ', which is 10 times higher
than that of BP-G without the PANI coating at the same rate.
Furthermore, the discharge capacity of (BP-G)/PANI is ~ 3 times
that of (RP-G)/PAN], indicating the significant contribution of
black-P to the capacity of (BP-G)/PANL The synergistic effects of
the composite enable excellent Li* transport kinetics and high-
rate and high-capacity lithium storage.

5.2.3 Sodium-ion batteries. While LIBs are efficient and
powerful, the restricted and uneven distribution of elemental
lithium renders them wunsuitable for future rechargeable
batteries.®'"®'> With the rising prominence of electric vehicles
and swift advancement of energy storage devices, lithium
resources will become increasingly rare.®’® Consequently,
researchers have turned their attention to LIB alternatives such
as sodium-ion batteries (SIBs), which possess similar electro-
chemical features and offer outstanding theoretical capacity.®**
In particular, SIBs provide the following advantages: (i) Sodium
is naturally abundant, with a concentration of 2.83 wt% in the
earth’s crust, which is approximately 435 times greater than
that of lithium (0.0065 wt%).°*® (ii) Aluminium foil can replace
copper as the anode current collector in SIBs, which not only
reduces the manufacturing cost but also makes the battery
lighter and more portable.®*® (iii) The Na" electrolyte has a
stronger ion conductivity than Li" electrolyte, which helps to
enhance battery performance. Kuratani et al. have compared
the molar conductivity of NaClO, and LiClO, solutions with
that of aprotic solvents and found that NaClO, solutions have a
lower viscosity and higher conductivity (10-20%) than LiClO,
solutions due to the solvation energy and size difference
between Na and Li.®"” However, due to the significantly larger
ionic radius of Na* (1.02 A) compared to Li* (0.69 A)°*®
electrode structural fluctuations and ion insertion behaviour
in SIBs become more uncontrollable, leading to slower electro-
chemical reaction kinetics and increased volume expansion.
For this reason, high-performance SIBs necessitate more strin-
gent electrode materials. Recent research on SIB cathodes has
demonstrated that NaMnO,, NaFePO,, and Na;V,(PO,); are
promising cathode materials owing to their substantial storage
capacity and reliable safety.'® Nevertheless, the advancement of
SIB anodes continues to rely on traditional carbon materials,
metal oxide/sulphide and sodium-based alloys, whose specific
capabilities and cycle life remain unsatisfactory.

Graphene is typically arranged in a layered honeycomb-like
pattern, which enables ion insertion and extraction. However,
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Fig. 37 Engineered interface black-P composites designed for high-rate and high-capacity lithium storage. (a) Scheme of electrolyte-swollen (BP-G)/
PANI that retains the solid—electrolyte interphase and pristine BP-G that suffers from the formation of less-conductive by-products during lithiation/
delithiation. (b) Long-cycling tests of (BP-G)/PANI at current densities of 2.6, 5.2 and 13 A g~ (c) Volumetric performance metrics of the (BP-G)/PANI
composite in comparison to a range of high-rate materials. (d) Cycling performance comparison between the (BP-G)/PANI composite and various
control samples. Reproduced with permission from ref. 554. Copyright 2020 Science.

the limited interlayer spacing in graphene is insufficient for
sodium ions, significantly constraining the gravimetric capacity
of graphene-based anode materials. In contrast, black-P exhi-
bits a considerably larger interlayer spacing than graphene
(3.08 A vs. 1.86 A), indicating its potential to accommodate
more sodium ions per gram, resulting in a higher theoretical
specific capacity (2596 mA h g~ ). The sodiation mechanism in
black-P involves two processes: intercalation and alloying
(Fig. 38a).%°® In situ TEM and ex situ XRD studies have revealed
that intercalation occurs within interlayer spaces of black-P,
where Na' preferentially diffuses along the one-dimensional
pore channels (zigzag ridges) due to the wide channel size. The

5452 | Chem. Soc. Rev, 2023, 52, 5388-5484

channel along the zigzag direction has a sufficient width of
3.08 A to permit Na' (2.04 A) diffusion, whereas the channel
width along the armchair direction is only 1.16 A and cannot
accommodate Na' diffusion. During the intercalation process,
the host structure of black-P remains largely unaltered, resulting
in a highly reversible cycle in the 0.54-1.5 V range. However, the
specific capacity is limited to 150 mA h g™ at this point, with a
spatial conformation of Na, ;,P. Further sodiation below 0.54 V
proceeds to the alloying reaction stage, where the P-P bond is
broken, leading to the formation of amorphous Na,P. Eventually,
as the potential reaches 0.1 V, the NazP phase is formed,
and the alloying reaction is almost complete. However, this is

This journal is © The Royal Society of Chemistry 2023
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with permission from ref. 565. Copyright 2015 Nature Publishing Group.

accompanied by a significant volume expansion of over 500%.
First-principles calculations also support this proposed mecha-
nism. The diffusion energy barriers for sodium atoms along the
zigzag, armchair, and interlayer directions are 0.18, 0.76, and
4.2 eV, respectively.®'® These values indicate that sodium atoms
primarily follow one-dimensional pathways along the zigzag
ridges in black-P. This diffusion behaviour is similar to that
observed in nanotube materials along their pores, suggesting
that black-P could potentially exhibit exceptional rate capacity
when employed as an anode material for SIBs.5'%%2°

Huang et al. have electrochemically exfoliated black-P bulk
crystals into few-layered phosphorene and directly utilized the
obtained phosphorene as an anode material for SIBs.>** Elec-
trochemical tests reveal that few-layered phosphorene exhibited
an activation capacity of up to 1968 mAh g ' at 100 mA g ' and
a capacity retention of 60.5% after 50 cycles. At a higher current
density of 1500 mA g, the retained capacity is 603.3 mAh g~ "
after 100 cycles, suggesting the great potential of phosphorene
as an SIB anode material. Given that phosphorene is directly
used in this work, the electrochemical performance can be
further enhanced by doping and compositing strategies. As a
representative example, Cui’s group has prepared sandwich-
like phosphorene-graphene nanohybrids using a self-assembly
method (Fig. 38b).>*> In this hybrid material, phosphorene
nanosheets reduce the diffusion distance for both sodium ions
and electrons to improve the rate performance. Simultaneously,
the graphene nanosheets facilitate electron transport from
phosphorene to the current collector and provide a buffer space
for the anisotropic expansion of phosphorene during Na;P alloy
formation. These lead to exceptional electrochemical perfor-
mance with a high specific capacity, rate capability, and capacity
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retention. Specifically, the phosphorene-graphene composite
shows a specific capacity of 2440 mA h g~ at 0.02C (50 mA g )
and maintains a reversible capacity of 2080 mA h g~ ' after
100 cycles (with a decay of only 0.16% per cycle). Moreover, even
at the significantly higher rate of 10C (10 A g~ %), a specific capacity
of 645 mA h ¢~ * can be achieved (Fig. 38c).

As one of the most prevalent phosphorus allotropes, cost-
effective red-P possesses a high theoretical sodium capacity and
a relatively low safe working potential (0.4 V for Na*/Na),®*!
which promotes fast charging without the risk of dendrite
formation. However, the fundamental mechanism behind its
long-cycle capacity decay remains a subject of debate. It has
been assumed that electrochemical fading of red-P-based
anodes is similar to the decay process of silicon anodes in
LIBs, wherein the anode undergoes significant volume expan-
sion during long-term cycling, leading to severe particle pulver-
ization and active material losses.’®*%?*%23 Nevertheless, Liu
et al. have discovered the “liquefication” phenomenon of red-P
in SIBs by in situ TEM and chemo-mechanical simulations.’®*
This finding suggests that red-P should be less susceptible to
volume fluctuation and fracture compared to the silicon anodes
in LIBs. Instead, the primary cause of capacity decay in red-P-
based anodes stems from side reactions that occur during the
formation of reactive sodium phosphides. To mitigate capacity
decay, researchers have developed an effective encapsulation
technique, that is, synthesis of red-P-impregnated carbon
nanofiber composites (P,.q@CNF), which has been confirmed
to prevent undesirable side reactions in red-P anodes. They
employed a dry-format electrochemical cell setup (Fig. 39a) for
real-time observation of the sodiation process.*®* Fig. 39b
illustrates the “liquid-like” material behaviour of red-P during
sodiation, where red-P may produce low-yielding stress and
exhibit low stiffness (i.e., softening) as sodiation continues,
thus allowing red-P to flow plastically inside the CNF like a
fluid.”®* Model stimulations in the various states of sodiation
(Fig. 39c¢) align well with the longitudinal flow of red-P observed
by in situ TEM. The average longitudinal expansion of red-P
along the CNF is ~330% during the complete sodiation process
(Fig. 39d and e). Another series of cropped time-lapse STEM
images display two distorted and blended red-P segments during
the sodiation expansion (Fig. 39f), resembling two droplets and
directly confirming the sodiation induced red-P softening effect.
In contrast to a free-standing red-P segment, the CNF-
encapsulated red-P exhibits reduced tensile stresses near the
segment surface and is mechanically constrained by the CNF
shell (Fig. 39g and h) to prevent fracture formation in the red-P
segments. The designed P,.q@CNF anode demonstrates a speci-
fic capacity of 1850 mA h g ! at 0.1 A g~ " after 500 cycles, and
over 1000 mA h g~ after 5000 cycles at 1 A g~ .

Heterojunction construction can enhance the electrochemical
stability and conductivity of phosphorus-based electrodes.?”®624625
However, the incorporation of another component in these hetero-
junctions often results in a lower theoretical capacity (e.g., carbon
materials with a theoretical capacity of 530 mA h g™"),%*° sacrifi-
cing a part of the total electrode capacity. To optimize the stability
of phosphorus-based electrodes while preserving the theoretical
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capacity as much as possible, it is beneficial to develop mono-
elemental phosphorus heterojunctions. Recently, Ma et al. have
fabricated RP@BP core-shell heterostructures on 3D nitrogen-
doped graphene using a straightforward one-step solvothermal
method.>® The resulting RP@BP core-shell heterogeneous
structure features a crystalline black-P shell tightly enclosing
an amorphous red-P core. The internal electric field at the
heterojunction not only provides exceptional electron conduc-
tivity and an extremely low Na' diffusion barrier, but also
induces electron cloud transfer from black-P to red-P. This
suppresses the reactivity of lone-pair electrons in black-P
atoms, resulting in excellent air stability of the composite.
Electrochemical tests reveal that the composite anode exhibits
an impressive capacity of 1440.2 mA h g~ ' at 0.05 A g,
superior to that of both pristine red-P (1137.9 mA h g~') and
black-P (713.3 mA h g™') supported on 3D nitrogen-doped
graphene.”® The composite anode also delivers an exceptional
rate performance with a reversible capacity of 521.3 mA h g *
achievable at 10.0 A g~ . Moreover, the electrode displays great
electrochemical and air stability with a retention rate of 89.3%
after 1200 cycles at 10.0 A g~ " and stable cycling over 500 cycles
at 10.0 A g after exposure to air.
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The synthesis of crystalline red-P phases, such as fibrous-P
and Violet-P, remains a challenging endeavour with limited
reports on their utilization for SIBs. Nevertheless, the crystalline
phase offers several distinct advantages over its amorphous
counterpart. First, the crystalline lattice structure enhances
charge mobility and electrode conductivity.** Second, crystalline
red-P generates polymeric chains,*" which mitigate the occur-
rence of side reactions during the charge/discharge process.
Third, the crystalline structural phase enables a more compre-
hensive understanding of the sodiation mechanism in red-P
anodes. Yan et al.®*” have synthesized a 3D structured nanocom-
posite by incorporating highly dispersed crystalline red-P (violet-P
phase) nanorods within a reduced graphite oxide aerogel matrix.
This composite anode has a remarkable initial specific capacity
of 2427 mA h g~ with an initial Coulombic efficiency of 82% at
0.1 A g~ ! and capacity retention even at higher current densities.
This investigation highlights the potential of crystalline red-P as
promising anode materials for SIBs.

5.2.4 Potassium-ion batteries. Potassium, which belongs
to the same group as lithium and sodium in the periodic table
of elements, is receiving increasing attention as a potential
candidate to supplement or even replace LIBs due to its similar
properties. Potassium ion batteries (PIBs) offer numerous advan-
tages, including the following: (i) potassium (1.5 wt%) is abun-
dant in the earth’s crust, more than lithium (0.0017 wt%) and
comparable to sodium (2.3 wt%),%*® ensuring a reliable supply.
(ii) Potassium does not react with aluminium, allowing for
cheaper aluminium foil as current collectors, reducing cost,
and improving energy density. (iii) Potassium has a low redox
potential, making it suitable for high-voltage and high-energy-
density devices. As shown in Fig. 40a, PIBs exhibit a wider
electrochemical voltage window than LIBs and SIBs in carbonate
electrolyte solutions.’* (iv) Potassium ions have the smallest
Stokes radii among Li*, Na', and K" (Fig. 40b) and low desolva-
tion energy (119.2 k] mol ") in propylene carbonate,**° leading
to fast diffusion rates and high conductivity in electrolyte solu-
tions. This results in excellent rate performance.

However, the large ion radius of K' leads to sluggish
potassiation kinetics,”*' which poses a challenge in selecting sui-
table electrode materials. For example, silicon-based materials that
exhibit a high capacity for LIBs are inactive in PIBs.**> The
commercial graphite anode for KIBs only achieves a capacity of
279 mA h g '.** Despite various modification strategies being
developed for graphite, the capacity improvement has remained
limited due to the intrinsic properties of carbonous materials. In
contrast, the theoretical capacities of EPMs upon K,P; and KP
formation are 1154 and 843 mA h g, respectively.’***** To the best
of our knowledge, these are the highest specific capacities among all
elements for PIB anodes, indicating that phosphorus-based anodes
have a higher upper limit for PIB development. However, the
existence of potassium phosphide-rich polymorphisms (such as
Ks;P, KP, K,P;, and K3P;;) makes it difficult to investigate the
potassium storage mechanism of phosphorus.®*® Currently,
research on PIBs for phosphorus-based anodes mainly focuses on
well-established EPMs including amorphous red-P and black-P, as
well as their heterostructures with carbon or metal species.

This journal is © The Royal Society of Chemistry 2023
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lene carbonate and water among Li*, Na*, and K*. Reproduced with permis-
sion from ref. 629. Copyright 2020 American Chemical Society. (c) Cycling
performance of the red-P/3D carbon nanosheet framework nanocomposite
at 100 mA g1 Reproduced with permission from ref. 634. Copyright 2018
John Wiley and Sons. (d) Long-term cycling performance of red-P/3D sulphur
and nitrogen co-doped carbon nanofiber electrodes at 2 A g~1. Reproduced
with permission from ref. 637. Copyright 2022 John Wiley and Sons. (e) SEM
images of the thickness of (P-CNTs)/PANI (top) and P-CNTs without PANI
coating (bottom) in the initial and depotassiation states after 20, 50, and 100
cycles at 1000 mA g~ Reproduced with permission from ref. 569. Copyright
2022 John Wiley and Sons.

Amorphous red-P has been investigated for PIBs due to its
non-toxicity and cost-effectiveness for mass production. However,
its intrinsic low conductivity (~10"" S cm ") and significant
volume expansion during the potassiation/depotassiation make
pure red-P unsuitable as electrodes. To address this issue,
researchers have explored the incorporation of highly conductive
carbon materials into the phosphorus anode to enhance its
storage performance. In 2017, Zhang et al. measured the K
storage capacity of red-P-based composites.®*® They utilized red-
P and carbon black as precursors to prepare the P/C anode via
ball milling and electrochemical tests showed that this P/C anode
exhibited an initial discharge capacity of 2171.7 mA h g~ " at
50 mA g, significantly surpassing the performance of the
Sn,P;/C anode (588.7 mA h g '). However, the P/C anode
displayed rapid capacity fading, experiencing a 91% reversible
capacity decay by the 20th cycle and reaching near-zero capacity
by the 50th cycle. This capacity fading arose from the disordered
microstructure of the composite, which impeded interfacial
charge transport. To address the significant structural changes
during the potassiation/depotassiation process, Xiong et al
anchored red-P nanoparticles to a 3D porous carbon nanosheet
framework.®** This approach yielded an initial charge capacity of
715.2 mAh g~ " at 100 mA g~ through KP alloy formation, with a
capacity retention of 427.4 mA h g~ ' after 40 cycles (Fig. 40c).

This journal is © The Royal Society of Chemistry 2023

View Article Online

Chem Soc Rev

Although this method demonstrates improved cycle stability
compared to Zhang’s work,**® there are limitations. Yu’s group
has further addressed the aggregation and pulverization issues of
red-P particles by incorporating them into free-standing nitrogen-
doped porous hollow carbon nanofibers, achieving a remarkable
reversible capacity and exceptionally long cycle life (465 mA h g~*
at 2 A g ' after 800 cycles).”® Compared to nitrogen, lower
electronegativity of sulphur leads to stronger chemical interactions
with phosphorus atoms, increasing the adsorption energy of
phosphorus atoms on sulphur-doped carbon matrices. Feng and
colleagues have demonstrated that encapsulating strain-relaxed
red-P within 3D interconnected multi-channel sulphur and nitro-
gen co-doped carbon nanofibers can enhance potassium ion
capture and promote electrochemical reaction kinetics.®*” This
composite structure not only buffers the stress and strain caused
by significant volume expansion, but also utilizes the defect sites
and high electronic conductivity generated by the synergistic
effects of dual heteroatom doping. Impressively, the composite
sustains a reversible capacity of 282 mA h g~ * after 2000 contin-
uous cycles even at a high current rate of 2 A g~ (Fig. 40d). In
addition, employing metallic Bi as an electrochemically active
coating has recently been shown to boost the electrical conductiv-
ity and cycle stability of red-P-based composites.**®

The unique thermodynamically stable structure and high
electronic conductivity (~10> S cm™") of black-P make it a
potential anode material for PIBs. However, pristine black-P is
not practical for PIBs, and engineering is necessary to achieve
reasonable electrochemical stability. Sultana et al.>*® have synthe-
sized a black-P-carbon nanocomposite by ball milling and com-
pacted the nanocomposites into dense aggregates to improve
packaging of the black-P active surface. The nanocomposite shows
a first cycle capacity of 617 mA h g " at 50 mA g ' in 0.75 M KPF,
in ethylene carbonate/diethyl carbonate (1:1 by vol.), which is
more than twice that of the graphite anode (270 mA h g~ ).
However, the cycle stability of the nanocomposite is relatively
limited. After 50 cycles at the same current rate, the anode capacity
decays to around 30 mA h g~ . The gradual degradation of black-P
during the cycle is responsible for the destruction of the solid
electrolyte interphase layer and subsequent effects on the hetero-
geneous charge transfer kinetics. To improve the cycle stability of
black-P-based materials, Lu’s group has recently proposed the
use of a PANI coating layer to alleviate black phosphorene
degradation and replacement of graphite with regular nanos-
tructured carbon materials to improve electrode conductivity.>*°
They have assembled carbon nanotubes and black-P flakes
by ball milling and performed in situ polymerization of
PANI to obtain a phosphorene-carbon nanotubes/polyaniline
((P-CNTs)/PANI) composite. In 3 M KFSI/dimethoxyethane
electrolyte, (-CNTs)/PANI shows a maximum charge capacity of
417.6 mA h g ' at 500 mA g ' and maintains a reversible
capacity of 392.5 mA h ¢! and an impressive retention rate
of 94% after 500 cycles. Morphological studies show that the
(P-CNTs)/PANI electrode has good structural stability during the
potassiation/depotassiation process (Fig. 40e). After 20, 50, and
100 cycles at 1000 mA g™, the thickness of the (P-CNTs)/PANI
electrode shows a slight increase with the number of cycles, but
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the overall electrode structure remains largely unchanged. In
contrast, the P-CNT electrode without the PANI coating under-
goes significant alterations in thickness and there are notice-
able cracks in the electrode material. These observations
suggest that the PANI coating mitigates volume expansion of
the composite and prevents contact loss with the current
collector during the charge/discharge process. Zhang et al.®**
have demonstrated that the incorporation of a localized high-
concentration electrolyte enhances the ionic conductivity of the
electrolyte and facilitates the formation of a robust solid elec-
trolyte interphase for improved long-cycling stability of black-P/
C electrodes. This finding emphasizes the role of the electrolyte
in determining the electrochemical performance of KIBs and
motivates further exploration to develop electrolytes that com-
plement the characteristics of phosphorus-based electrodes.

5.2.5 Supercapacitors. As another important electrochemical
energy storage device, supercapacitors (SCs) have high power
density (~10° W kg™"), long cycling time, and an ultrafast
charge/discharge rate (~1 s) when compared to rechargeable
batteries.®****? A typical SC is composed of flexible substrates,
current collectors, separators, electrolytes, and electrode
%43 In general, SCs can be divided into three types based
on their charge storage mechanisms: electric double-layer capaci-
tors, pseudocapacitors, and hybrid capacitors.*** During the char-
ging process of electric double-layer capacitors, electrolyte ions are
adsorbed on the polarized electrode surface, generating an electric
double layer between the electrode and electrolyte. Unrestricted by
electrochemical charge transfer kinetics, the SCs can operate at
charge/discharge rates within seconds. Pseudocapacitors involve
fast, reversible Faradaic redox reactions at the electrode-electrolyte
interfacial active sites. Hybrid capacitors store charges through a
combination of electric double layers and Faradaic redox pro-
cesses. Among the three types of capacitors, electric double-layer
capacitors currently hold the largest market share due to the
simplicity of the electric double-layer mechanism and the maturity
of manufacturing technology.®*®

The electrode is a critical component of SCs and the material
selection and structural design impact the electrochemical and
cycling properties.®*> EPMs comprise various phosphorus allo-
tropes and corresponding nanostructures boding well for
electrodes. EPMs have the following advantages as SC electro-
des: (i) both black-P derivatives and red-P modifications feature
nanoscale channels within their structures, allowing for shorter
charge transfer paths and facilitating electrochemical reaction
kinetics. (ii) Low-dimensional EPMs exhibit great mechanical
flexibility and packing density,*** suggesting their potential use in
fabricating sophisticated and flexible SCs. (iii) Low-dimensional
EPMs possess large lateral dimensions and exposed active-site
surfaces. In comparison with chemically inert carbon materials,
EPMs are more likely to form composites with metal/non-metal
species, enhancing electrochemical performance.

In 2016, Hao et al.>’° investigated the electrochemical per-
formance of liquid-exfoliated black-P nanoflakes in all-solid-
state SCs. The fabricated flexible electrodes achieved a high
stack volumetric capacitance of 13.75 F cm ® (48.5 Fg ') ata
scan rate of 0.01 V s~' and a great capacitance retention of

materials.
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71.8% at 0.5 V s~ ' over 30 000 cycles (Fig. 41a and b). Although
this charge storage performance is better than that of
several graphene-based and multi-walled carbon nanotube
electrodes,®*®%*® the as-fabricated SCs still have some limita-
tions, including a rapid volumetric capacitance reduction with
increased charge/discharge rates, which is due to morphological
degradation caused by long-term sonication. Yang et al.**° have
described a modified electrochemical exfoliation approach for
the production of high-quality few-layered black-P nanoflakes.
Vacuum filtering of the black-P nanoflake dispersion yields free-
standing thin films for flexible quasi-solid-state micro-SCs. The
as-prepared micro-SCs show excellent steady electrochemical
performance at a high scanning rate of even up to 100 V s~
(Fig. 41c) comparable to that of MXene-based quasi-solid-state
micro-SCs at the same scanning rate.®*® The micro-SCs have a
remarkable energy density of 3.63 mW h cm™? at a power density
of 0.247 W em >, surpassing that of many 2D metal/non-metal
materials (Fig. 41d). The device also exhibits an ultralong cycling
lifetime of over 50000 cycles at 0.2 A cm > and remarkable
flexibility by retaining more than 91.3% of capacity after 500
bending cycles (Fig. 41e). Using 2D nanosheets as the building
blocks in the 3D architecture can enhance the electrochemical
performance of electrode materials, particularly for LIBs. To
expand this strategy to SC electrodes, our group has reported
the synthesis of a semi-connected 3D black-P sponge in three
minutes under ambient conditions using a facile and simple
electrochemical approach.>”* As an electrode material for all-
solid-state SCs, black-P sponge shows a specific capacitance of
80 Fg " at 10 mV s~ !, which is better than those of bulk black-P
and black-P nanosheets. On the one hand, the high-quality ultra-
thin nanosheets as a basic unit of the black-P sponge offer
expanded active sites and lateral dimensions and remove the
high energy barrier of individual nanosheets to promote the
charge transfer kinetics. On the other hand, the pores and
channels inside the sponge allow contact with the electrolyte
for better ion diffusion.

Nanostructures can enhance the specific capacitances of
pure black-P electrodes, but achieving capacitance values in the
hundreds or thousands remains highly challenging. To fabricate
flexible SCs with a high energy density, the development of black-
P-based multicomponent materials is necessary. Chen’s group has
chemically engineered black-P with carbon nanotubes to produce
heterostructure composites.>’> With the aid of the microfluidic
spinning technique, the composites are assembled into non-
woven fabrics (Fig. 41f) for high-performance SC electrodes.
The optimal flexible SC shows an outstanding volumetric capaci-
tance of 308.7 F cm ® at 0.1 A cm °, an energy density of
96.5 mW h cm?, cycle stability with a 90.2% retention rate after
10000 cycles (Fig. 41g), and sustained bending durability. This
enhancement stems from the open network structure of the
composites featuring abundant well-defined micro/mesopores
for enhanced conduction, rapid ion transport, and mechanical
stability. Recently, Wu et al. have employed a droplet microfluidics
method to fabricate an anisotropic black-P/ZIF-67 heterostructure
composite and utilized 3D printing to construct fully integrated
solid-state flexible SCs.””* The SC has a high volumetric energy

This journal is © The Royal Society of Chemistry 2023
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Fig. 41 Applications of elemental phosphorus materials to SCs. (a) Stack capacitances of the liquid-exfoliated black-P based all-solid-state SC (LE-BP-
ASSP) with PVA/H3PO, gel electrolyte at different scan rates. (b) Cycle stability of LE-BP-ASSP at 0.5 V s~ in alternating flat and bent configurations. The
inset shows representative cyclic voltammetry curves and photographs of the device in both flat and bent configurations. Reproduced with permission
from ref. 570. Copyright 2016 John Wiley and Sons. (c) Cyclic voltammetry curves of the as-prepared micro-SCs at various scan rates. (d) Energy densities
and power densities of the micro-SCs compared to those of various previously reported SC devices. (e) The capacitance retention rate of different
bending cycles for the micro-SCs. Reproduced with permission from ref. 649. Copyright 2019 American Chemical Society. (f) Microfluidic spinning
technique for the assembly of non-woven fabrics, which can be tailored into various shapes. (g) Cycle stability of black-P-carbon nanotube based SCs at
0.4 A cm~>. The inset shows galvanostatic charge/discharge curves after 10 000 cycles. CNTs refer to pristine carbon nanotubes. CNTs/BP refers to a
physical mixture of carbon nanotubes and black-P. CNTs/BP-CNTs refer to the physical mixture of carbon nanotubes and carbon nanotubes chemical-
bridged black-P, which achieved the best electrochemical performance among the three materials. Reproduced with permission from ref. 572. Copyright
2018 Nature Publishing Group.

density of 109.8 mW h cm  at a power density of 0.675 W cm ®,  interactions.’>® However, the main drawback of carbon materi-

a capacitance of 506 F cm®, and longterm stability for
12000 cycles. These research findings demonstrate the significant
potential of SCs in next-generation wearable devices.
Researchers have also shown interests in red-P as an elec-
trode material for SCs due to its environmental-friendless, cost-
effectiveness, chemical stability, and high theoretical capaci-
tance similar to that of black-P.®*° However, as previously
stated, the poor electrical conductivity of pristine red-P limits
the charge storage effectiveness. To enhance the conductivity,
red-P is often coupled with carbon materials such as graphene
and carbon nanotubes through chemical bonding or vdwW

This journal is © The Royal Society of Chemistry 2023

als is the low specific capacitance that impacts the energy
storage efficiency. In this regard, black-P owns high conductiv-
ity and theoretical capacitance as well as compatibility with red-
P. In 2017, Chen et al. reported the in situ synthesis of red-P/
black-P composites using a facile sonication method and their
application as SC electrodes.*”® The cyclic voltammetry curves
of the resulting electrode exhibited a rectangular-like shape,
indicating the electric double-layer charge mechanism at
the electrolyte/electrode interface.®>" At a current density of
0.5 A g, the hybrid composite showed a specific capacitance
of around 60.1 F g~ " and 83.3% capacity retention for 2000 cycles.
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This work not only establishes the excellent energy storage
properties of red-P/black-P hybrids, but also provides a straight-
forward and cost-effective preparation method. Inspired by
Chen’s work, Gopalakrishnan and colleagues incorporated sulfo-
nated porous carbon materials into red-P/black-P hybrids to
boost the electrochemical performance of elemental phosphorus
hybrids.”®® As an SC electrode, the ternary composite has a high
specific capacitance of 364.5 F g~ and maintains long-cycling
stability retaining 89% of capacity after 10 000 charge/discharge
cycles. The improved capacitive properties are associated with the
synergistic effects between elemental phosphorus hybrids and
porous carbon materials. The highly stable carbon frameworks
featuring phosphorus bonding and heteroatom doping provide
numerous active sites for ionic interactions and improve the
surface wettability for seamless electrode/electrolyte interactions.
Other EPMs such as blue-P and green-P have recently also shown
promising theoretical potential as electrodes in SCs.®**

5.2.6 Other energy storage applications. Lithium-sulphur
batteries (LSBs) represent a promising type of rechargeable
battery with significant development potential. They offer
advantages such as low mass density (Li: 0.534 g cm > and S:
2.07 g cm*),%* high theoretical energy density (2600 W h kg™ "),%>
and cost-effectiveness. However, several critical challenges asso-
ciated with sulphur cathode materials have impeded the practical
application of LSBs. First of all, both sulphur and polysulfides have
poor electrical conductivity. The conductivities of sulphur mono-
mers and their final discharge product Li,S are approximately 5 x
107 S em ™ and 3 x 1077 S em™ " at room temperature,
respectively.®>*®>® Second, the chain polysulfide (Li,S,, 4 <
x < 8) generated during the cathode reaction upon discharge
can dissolve in the liquid electrolyte, leading to diffusion and
migration within the battery. This process contributes to degra-
dation of LSBs. In addition, owing to the substantial density
disparity between monomeric sulphur (2.07 g ecm™®) and Li,S
(1.66 g cm™?), the cathode experiences a volume change of
around 80% during charging and discharging cycles.®**®” The
primary strategies to address these issues involve encapsulating
sulphur within suitable materials and modifying the separator.

Few-layered black-P nanosheets offer several advantages
such as large interlayer spacing (~3.08 A), high sulfophilicity,
and high lithium-ion mobility, rendering them ideal encapsulating
materials for sulphur cathodes. Zhou et al. have constructed a 2D
heterostructure of black-P/graphene for encapsulating sulphur
species to provide catalytic and chemisorptive benefits for
electrolyte-lean Li-S batteries.®®® The 2D heterostructure not only
enhances the electrochemical stability of black-P nanosheets, but
also facilitates electronic regulation between black-P and gra-
phene. The electric field generated at the heterostructure interface
increases the intrinsic conductivity of the materials and accelerates
electron transfer in the redox conversion of polysulfides. Concur-
rently, it promotes chemisorption of polysulfides and reduces the
migration barrier for lithium ions to catalyze the conversion of
polysulfides. These features contribute to low capacity fading
with an average decline as low as 0.021% per cycle after
600 cycles at 2C. Xu et al>>® have demonstrated that BPQDs
have a higher lithium polysulfide adsorption capacity and more
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substantial Li,S precipitation capacity than large black-P flakes
(Fig. 42a and b). BPQDs show strong interactions with lithium
polysulphide through P-S and P-Li bonds and the abundant
active sites at the edges of BPQDs catalyze the conversion of
lithium polysulphide. As a result, the porous carbon nanofibers/
sulphur cathodes containing a small amount (2 wt% of the
cathode weight) of BPQDs exhibit fast reaction kinetics, no
polysulphide shuttling, and excellent cycling stability. The por-
ous carbon nanofibers/sulphur cathode with BPQDs has an
initial capacity of 1234 mA h g ' at 0.1C and after 200 cycles,
it retains a capacity of 1072 mA h g~ ' (Fig. 42¢) and shows a
small capacity decay rate of 0.06% per cycle. In comparison, the
porous carbon nanofibers/sulphur cathode without BPQDs has
an initial capacity of only 1036 mA h g~ " and a decay rate of 2%
per cycle. The BPQD containing cathode also delivers greater
rate performance than the BPQD-free cathode (Fig. 42d).

While both the component and structural design of the
cathode materials discussed above inhibit polysulfide shuttling
and enhance the cycle stability, they do not eliminate shuttling,
particularly during extended cycling. Consequently, researchers
have explored separator modification by introducing active
materials to physically restrict polysulfides or chemically
anchoring polysulfides.®>>***®® The modified separators also
decrease the impedance between the cathode and separator,
enhance the wettability between the separator and electrolyte,
and improve the electrochemical performance. Cui’s group has
prepared a uniform, dense black-P nanoflake coating on a
Celgard commercial polypropylene separator by vacuum filtra-
tion deposition.”>® The black-P coating intercepts and com-
bines the polysulfides to prevent diffusion through the
separator to the anode. The binding energy of the black-P
coating to lithium polysulfide ranges from 1.32 to 2.82 eV
(without vdW interaction) and 1.86 to 3.05 eV (with vdW
interaction) and increases as the Li,S, molecular chain short-
ens (x decreasing from 8 to 1). This energy is higher than that of
the graphene coating (0.21-0.79 eV). The capacity of the cells
with a conventional separator decays to below 100 mA h g™ ' at
0.4 A g ' after 100 cycles, while the capacity retention of
separators modified with classical graphene is around 66%.
In contrast, the black-P modified separator displays an initial
discharge capacity of 930 mA h g and retains a capacity of
800 mA h g~ ' after 100 cycles. In further high-rate cycling
studies, the specific capacity of the black-P modified separator
remains at 623 mA h g~ even at a high rate of 3.5 A g~ .

In addition to black-P, red-P is used in separator modification.
Red-P is a weak Lewis base agent that can undergo reasonable
Lewis acid-base interactions with weak Lewis acids of lithium
polysulphide, allowing it to chemically anchor the polysulphide.
Concurrently, red-P can anchor polysulphides through sulphur
chain interactions to inhibit shuttling and the interaction between
red-P and polysulfide leads to the production of a high-
conductivity by-product Li;PO, which aids in Li" transport in the
separator and promotes the sulphur reaction kinetics. Wang et al.
were the first to utilize red-P nanoparticles to modify conventional
polypropylene separators, capturing and reusing lithium polysul-
phide through strong chemical interactions between red-P and

This journal is © The Royal Society of Chemistry 2023
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Fig. 42 Applications of BPQDs to LSBs. (a) Potentiostatic discharge curves of Li,Sg tetraglyme solution on various substrates at 2.05 V. The dark/light
colours denote the reduction of Li,Sg/Li>Sg and the precipitation of Li,S, respectively. CF refers to carbon fibers. BP-4K and BP-8K refer to 4000 rpm and
8000 rpm centrifugated black-P products, respectively. (b) SEM images of the precipitation of Li,S on various substrates as indicated in (a). The scale bar
is 5 um. (c) Cyclic capacities and Coulombic efficiencies of porous carbon nanofibers/sulphur cathode containing BPQDs (PCNF/S/BPQD) and pristine
PCNF/S at 0.1C for 200 cycles. (d) Cyclic capacities of PCNF/S/BPQD and PCNF/S at various rates. Reproduced with permission from ref. 555. Copyright

2018 Nature Publishing Group.

polysulfides.®®" The LSBs based on red-P modified separators have
excellent cycling properties. The unmodified polypropylene separa-
tors experienced substantial pore blockage due to polysulfide
penetration with polysulphide decomposing, precipitating, and
obstructing the pores. In contrast, the red-P modified separator
maintained a highly porous surface to inhibit polysulfide penetra-
tion. The surface of lithium after cycling with the red-P modified
separator was the smoothest, while the surface of lithium with the
pristine polypropylene separators exhibited a large number of
cracks and dendrites. This result suggests that red-P-based separa-
tors inhibit polysulphides and safeguard the lithium anode from
corrosion. Consequently, the red-P modified separators achieved a
high capacity retention of 82% during a long cycle test of 500
cycles at a current density of 1C, better than that of super P-coated
separators (65%) and pristine polypropylene separators (43%). The
red-P-based separators also had an excellent rate capability of
809 mA h g~ at a high rate of 2C. Moreover, incorporating an
independent functional interlayer between the cathode and
separator of LSBs can physically block and chemically absorb
lithium polysulfide. An interlayer with exceptional conductivity
can function as a secondary current collector to improve the
cathode conductivity. Lee et al.®** prepared a red-P nanoparticle-
coated carbon nanotube film as an interlayer by pulsed laser
ablation and direct spinning. The interlayer provides efficient Li"
and electron transport as well as strong chemical anchoring of
lithium polysulfide. Consequently, the interlayer has a superior
specific capacity of 782.3 mA h g " at 3C, long-term cycle stability,

This journal is © The Royal Society of Chemistry 2023

and high Coulombic efficiency. At a rate of 1C, the specific capacity
initially reaches 1050.2 mA h g~ and remains at 769.5 mA h g~*
after 500 cycles, with a Coulomb efficiency exceeding 99%.
Lithium-air batteries (LABs), which operate through the
reversible reaction of Li + O, < Li,0,, have the potential
to offer an impressive theoretical energy density of around
3500 W h kg~ '. However, the sluggish kinetics of the cathode
leads to high overpotentials, substantial polarization, and poor
reversibility. As discussed in Section 5.1.4, EPMs inherently offer
several benefits for electrocatalytic oxygen evolution, rendering
them promising candidates to enhance the reaction kinetics of
LABs. Cheng et al.>®” have designed a BPQD-modified §-MnO,
catalyst and prepared it on carbon cloth using a hydrothermal
method as a binder-free cathode for LABs. The Li-O, cell with
this BPQD modification shows a high capacity of 8463 mAh g~*
at 100 mA g~ ' (Fig. 43a) which is greater than the capacity of
2965 mA h g~ without BPQD modification (Fig. 43b), demon-
strating the high catalytic activity of BPQD/6-MnO, in the oxygen
reduction reaction (ORR). In the cyclic voltammetry test
(Fig. 43c), the BPQD/3-MnO, electrode exhibits a higher onset
potential for the ORR (2.64 V) and a lower onset potential for
the OER (3.04 V) than the &-MnO, electrode without
BPQD modification.>®” Additionally, the peak OER current of
the BPQD/3-MnO, electrode increases significantly, suggesting
that the introduction of BPQDs enhances the electrochemical
reaction kinetics. Cycling stability tests (Fig. 43d-f) reveal that
BPQD/3-MnO, polarization gradually increases with the cycle
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Fig. 43 Applications of elemental phosphorus materials to other energy storage applications. (a) Voltage curves of BPQD/3-MnO, and (b) §-MnO,-
catalyzed Li-O, cells at 100 mA g~ (c) Cyclic voltammetry curves of BPQD/8-MnO, and §-MnQO,-catalyzed Li-O, cells at 0.1 mV s~ (d) Cycling

performance of Li-O, cells with BPQD/38-MnO, and 8-MnO, cathodes at 40
BPQD/3-MnO, and (f) 3-MnO,-catalyzed Li—O, cells. Reproduced with perm

0 mA g~* with a capacity limit of 1000 mA h g%, and (e) voltage curves of
ission from ref. 557. Copyright 2019 Elsevier. (g) Scheme of an aluminium—

phosphorus battery comprising a phosphorus cathode, aluminium anode, and CAM-IL electrolyte. (h) Scheme of the distribution of AICl, Al,Cl, and PClin
an Al-P battery under a fully charged/discharged state. (i) Scheme of the reversible phosphorus-based five-electron transfer processes. Reproduced with

permission from ref. 664. Copyright 2022 Elsevier.

number, whereas 6-MnO, polarization increases rapidly. These
findings indicate that BPQDs enhance the ORR/OER catalytic
activity, leading to superior discharge capacity and cycling stabi-
lity for LABs. Moreover, researchers have identified black phos-
phorene and nitrogen-doped blue-P as highly effective catalysts
for cathodic reactions through theoretical calculations.®°>°*
Recent advances have shown that EPMs are being developed
for new types of energy storage devices. Cai et al. have reported
an innovative aluminium-phosphorus battery which incorpo-
rates red-P as the cathode, aluminium as the anode, and CAM-
IL as the electrolyte (Fig. 43g).°** This battery boasts a high
theoretical capacity of 4325 mA h g~ * due to the reversible,
phosphorus-based five-electron transfer reaction as shown in
Fig. 43h and i. The researchers have assembled a prototype
aluminium-phosphorus battery showing a capacity of
1512 mA h ¢~ " and an energy density of 1176 W h kg™, which
surpass those of many alkaline metal ion batteries. By employing
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modification strategies, the cutting-edge aluminium-phosphorus
battery is anticipated to have large potential in low-cost, high-
performance energy storage applications due to the multiple
electron transfer reactions and abundant availability of both
phosphorus and aluminium.

In summary, EPMs possess many intrinsic advantages
including high theoretical capacity, resource abundance, and
environmental compatibility and are promising candidates for
various energy storage devices such as hydrogen storage systems,
alkali metal batteries, and supercapacitors. As researchers delve
deeper into various modification strategies including structural
design and nanosizing, practical application challenges such as
structural and electrochemical stability degradation stemming
from the volume expansion of phosphorus allotrope materials
must be addressed. The development of innovative energy sto-
rage devices with various phosphorus allotropes like aluminium-
phosphorus batteries will offer more viable alternatives for energy

This journal is © The Royal Society of Chemistry 2023
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storage systems. Arguably, the most prominent potential application
of EPMs currently lies in the realm of energy storage. However, all
these applications are still in their infancy and lack industrial-grade
standardized testing. Therefore, further efforts are necessary to
transition from research to commercial application.

5.3. Environmental remediation applications

5.3.1 Pollutant sensing. The hazardous pollutants released
from industrial processes, transportation, and other human
activities have detrimental effects on the environment and
human health and in particular, monitoring and regulating
air quality are becoming more critical. Gas sensors are devices
that generate a measurable output in response to a specific
gaseous stimulus. The typical device structure is similar to that
of a field effect transistor, where the sensing materials serve as
a channel between the source and drain electrodes modulated
by the gate voltage.’®> The fundamental principle of gas sensors
is based on the detection of changes in the electrical resistance
induced by gas molecules adsorbed onto the sensing
materials.®®*™*®® NO, is a common air contaminant released by
locomotive exhaust and industrial combustion and the United
States Environmental Protection Agency has stated that exposure
to NO, concentrations exceeding 53 parts per billion (ppb) can
lead to health problems.®*® Chronic inhalation of high concen-
tration of NO, can irritate the cough mucosal membranes and
pulmonary tract to produce dyspnoea and can even lead to lung
cancer. Various sensors made of metal oxides have been reported
to be highly sensitive to NO,.°”° However, these metal oxide
sensors often require a high operating temperature and in order
to make them wearable and portable, it is critical to develop a
high-sensitivity gas sensor capable of real-time NO, detection at
room temperature.

Previous theoretical studies have demonstrated that EPMs
exhibit ultra-high sensitivity and selectivity for NO, detection at
room temperature. The strong interaction between the frontier
orbitals of NO, molecules and p, orbitals of phosphorus atoms
leads to charge transfer, enabling NO, to act as an oxidant and
remove electrons from EPMs.%”" " Among the various allotropes
of phosphorus, black phosphorene is currently the predomi-
nantly used sensing material. In 2015, Abbas et al.®”* developed
a multilayer black-P field-effect transistor for gas sensing
(Fig. 44a) showing an NO, detection limit of 5 ppb (Fig. 44b).
Cho et al®”® have investigated the sensing characteristics of
black-P, graphene, and MoS, and found that black-P has an
intrinsic sensing capacity that is 20 times greater than that of
graphene and MoS, (Fig. 44c). Furthermore, only black-P shows
selective response to NO, while being unresponsive to oxygen-
functionalized molecules.®”> A plausible explanation for the
superior NO, detecting capability of black-P has been postulated.
First, since NO, molecules are paramagnetic, their adsorption on
black-P can provoke spin polarization, leading to the production
of a spin-polarized current in the channel. Second, black-P has
larger molecular adsorption energy than the other two materials
rendering it more sensitive to NO, (Fig. 44d).

To further improve the detection ability of NO,, Sang’s group
has recently prepared a few-layered black-P microribbon-based

This journal is © The Royal Society of Chemistry 2023

View Article Online

Chem Soc Rev

gas sensor that achieves sub-ppb level detection under nitrogen
and ambient conditions.®”® As shown in Fig. 44e, the gas sensor
shows response (AG/G,) to different concentrations of NO, over
time at room temperature and zero relative humidity. After
exposing the sensor to 0.4 ppb of NO,, the response is about
8.09%. The specific adsorption capacity of the black-P micro-
ribbon for NO, is assessed by comparing the response to
100 ppb NO, and other common indoor air pollutants under
dry ambient conditions (Fig. 44f). When the sensor is exposed to
10 ppm NO, for five cycles (on-off mode) under dry conditions
at room temperature (Fig. 44g), good repeatability is demon-
strated and the selective detection limit is 0.4 ppb for NO, at
room temperature and zero relative humidity. However, in
practical applications, ambient humidity often complicates the
calibration process and reduces the sensor accuracy. If the relative
humidity goes up from 0 to 80%, the response of the black-P
microribbon sensor to NO, is no longer evident in the range of
100 ppb to 20 ppm (Fig. 44h) because adsorbed water molecules
capture electrons and degrade the sensitivity.*”” Therefore, gas
sensors made of black-P need to be surface passivated.

An alternative strategy is to select a relatively chemically
stable allotrope of phosphorus. Zhu et al.>® deposited a red-P
thin film on an Au electrode-patterned SiO,/Si substrate. The
film is composed of micrometer-scale particles assembled from
amorphous red-P nanoclusters with different sizes (10 or 100 nm).
As shown in Fig. 44i, the sensor shows dynamic response-recovery
curves for different concentrations of NO, (40 to 200 ppm) at room
temperature in nitrogen. The sensor has high sensitivity (229%) to
200 ppm NO,, but due to the poor conductivity of amorphous red-
P, the bias stress and high noise levels (0.107%) reduce the
detection limit.*° The conductivity of red-P can be improved by
modulating the internal structure. The selectivity of the sensor is
evaluated in the presence of potentially interfering gases (Fig. 44j)
and the response to NO, is significantly stronger, even though the
concentration of the other gases is higher (1000 ppm) compared to
NO, (200 ppm). This selectivity originates from the intrinsic
physicochemical properties of elemental phosphorus. Amorphous
red-P has several unique sensing features, including amphoteric
sensing that allows it to respond negatively to both oxidizing and
reducing gas species. In addition, unlike the adsorption mecha-
nism of black-P,*”* the adsorption process on amorphous red-P is
dominated by synergistic Langmuir isotherm adsorption and P-P
bond expansion (Fig. 44Kk).

DFT calculations show that other EPMs are also promising
gas sensors. Montes et al. investigated the adsorption of inor-
ganic gas molecules (CO, CO,, NH;, NO, and NO,) on blue-P
nanotubes (Fig. 441).°”® In comparison with black phosphorene,
blue-P nanotubes exhibit better selectivity and sensitivity for
N-containing gases. The current change before and after adsorp-
tion of NO, is 294% at a voltage of 0.2 V, which is more than 2.4
times higher than those of other materials such as phosphorene
(122%),5”° MoS, (57%),°*° and PtSe, (12%).°®! Singsen et al. have
observed that silicon-doped green phosphorene exhibits high
selectivity towards carbonyl-containing volatile organic com-
pounds such as acetone, propane, and formaldehyde because
the pi and lone pairs of electrons in the carbonyl group interact
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Fig. 44 Applications of elemental phosphorus materials to pollutant sensing. (a) Scheme of a multilayer black-P field-effect transistor. (b) A plot of the
time-dependent relative conductance change (AG/Gy) is presented for a multilayer black-P sensor, which exhibits sensitivity to NO, concentrations
ranging from 5 ppb to 40 ppb. The inset displays an enlarged image of the response to a 5 ppb NO, exposure, with marked time points denoting the
activation and deactivation of the NO, gas. Reproduced with permission from ref. 674. Copyright 2015 American Chemical Society. (c) Calculated molar
response factor of the black-P sensor and comparison with that of MoS, and graphene. (d) Minimum NO, adsorption energy for monolayer and bilayer
for black-P, MoS,, and graphene. Reproduced with permission from ref. 675. Copyright 2016 John Wiley and Sons. (e) A plot of the time-dependent
relative conductance change (AG/Gy) is presented for a black-P microribbon sensor under zero relative humidity, which exhibits sensitivity to NO,
concentrations ranging from 0.4 ppb to 100 ppm. (f) Black-P microribbon sensor response to NO, and other common indoor air pollutants under dry
room temperature conditions. (g) Five cycles of the on-off switching mode through the black-P microribbon sensor to 10 ppb NO, under dry room
temperature conditions. (h) Plots of the black-P microribbon sensor response to NO, concentrations are presented under various relative humidity
conditions of 0%, 26%, 60%, and 80% in air. The inset displays the response to concentrations of NO, in the range of 0.4 ppb to 100 ppb under the same
relative humidity conditions. Reproduced with permission from ref. 676. Copyright 2022 American Chemical Society. (i) Dynamic sensing response-
recovery curves (black) measured for different NO, concentrations ranging from 40 to 200 ppm. A fitting function based on an adsorption rate is used to
fit the data, and the results are shown in red. (j) Red-P based sensor response to NO, (200 ppm) and other gas molecules (1000 ppm). (k) Expansion of the
amorphous red-P tetramer induced by NO, adsorption. Reproduced with permission from ref. 30. Copyright 2018 American Chemical Society. () The
adsorption of different molecules on the armchair and zigzag blue-P nanotubes with variances in electron density. Reproduced with permission from ref.
678. Copyright 2017 Royal Society of Chemistry.

with electron-deficient Si atoms in the doped green phosphorene hexanal, benzyl chloride, and chlorobenzene on violet phosphor-
to produce strong adsorption.’®” Dharani et al.®® and Bhuvanes- ene. Zhang et al.®® have conducted spin-polarized first-principles
wari et al®® have studied the adsorption characteristics of computations with vdW correction to investigate the properties of
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fibrous phosphorene in air pollution monitoring. Fibrous phos-
phorene with a lone pair of electrons in the p orbital shows
strong attraction to electron-deficient substances, giving rise to
high detection sensitivity for NO, NO,, O, and SO,. However, gas
sensors made of blue, green, violet, and fibrous phosphorus are
still in the theoretical stage.

5.3.2 Gas phase degradation of pollutants. As aforemen-
tioned, air pollution is a pressing concern for the modern
society due to acid rain, photochemical smog, stratospheric
ozone depletion, greenhouse effects, and other environmental
686,687 Combustion of fossil fuels in thermal power
plants results in exhaust emissions with high concentrations
of SO, and NO, that often exceed the permissible limits.®%®
Among the various sulphur and nitrogen oxide species, SO, and
NO are the most abundant and hazardous air pollutants and so
accurate purification is crucial.®®®

Yellow phosphorus, also known as white phosphorus, is
typically unsuitable for energy storage and catalysis due to its
high reactivity. However, its cost-effective and efficient reducing
properties make it a popular in flue gas treatment. In the 1990s,
Chang and Liu utilized a yellow phosphorus/alkaline emulsion
to remove NO, and SO, from the flue gas.®®® The emulsified
yellow phosphorus droplets come in contact with O, in the flue
gas, releasing O; and O, which oxidize NO into water-soluble
NO,, and convert SO, into (NH,4),SO, and CaS0,.**" The alka-
line buffer in the yellow phosphorus emulsion plays a crucial
role in maintaining an appropriate pH range for NO, absorption
to enhance the adsorption efficiency. Ning’s group has reported
that red mud could replace CaCO; as the alkaline buffer in the
yellow phosphorus emulsion and suggested economic benefits in
removing insoluble NO and reducing the ecological risk of red
mud accumulation.®®® The primary reaction products between
NO and yellow phosphorus are high-priced NO;~, NO, , and
PO,>~, which have potential applications in the production of
nitrogen and phosphorus fertilizers. Subsequently, an improved
oxidation process has been developed to simultaneously remove
NO, and SO, using yellow phosphorus and red mud and the
removal capabilities are 97.9% and 100%, respectively.®®® This
method is more cost-effective than traditional oxidative denitri-
fication and desulfurization techniques while achieving the
purpose of “waste control by waste”.

Photo-oxidation is an innovative and promising technique
for the degradation of gaseous pollutants, and Lu’s group has
developed photocatalytic black-P composites for NO removal. The
2D heterojunction of black-P/monolayer Bi,WOs is prepared by
integrating Bi,WO, into the surface of black-P nanosheets
(Fig. 45a).°% Active radicals are identified by DMPO-ESR spin-
trap measurements and a charge transfer mechanism for photo-
degradation is postulated based on the Z-scheme. In the process,
the electron in the valence band of black-P reduces O, to *O, ",
which then oxidizes NO to NO;~ (Fig. 45b). Owing to the excellent
electron transfer ability and broader absorption range (from UV to
NIR) of black-P, the NO removal efficiency goes up to 67% after
irradiation for 30 minutes, which is 2.6 times greater than that of
the pristine monolayer Bi,WOg (26%). A type I heterojunction of
black-P/porous g-C;N,-HKUST-1 has also been designed (Fig. 45c).
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Fig. 45 Applications of elemental phosphorus materials to gaseous pol-
lutant degradation. (a) Scheme of the fabrication of a 2D heterojunction
black-P/monolayer Bi,WOs. (b) Photocatalytic mechanism of the black-P/
monolayer Bi,WOg heterojunction under visible-light irradiation. Repro-
duced with permission from ref. 388. Copyright 2019 John Wiley and Sons.
(c) Scheme of fabrication of the black-P/porous g-CsN4-HKUST-1
membrane. (d) Photocatalytic mechanism of the black-P/porous g-
C3N4-HKUST-1 membrane under visible-light irradiation. Reproduced with
permission from ref. 387. Copyright 2019 Royal Society of Chemistry.

HKUST-1 is a copper benzene tricarboxylate metal-organic frame-
work (MOF) with good NO adsorption properties and visible light
response.®®! The ternary composite is employed to photocatalyze
the oxidation of NO at the ppb level under visible-light irradiation
(Fig. 45d).*®” The optimal composite membrane achieves an NO
removal ratio of 74%, which is better than those of previously
reported g-C3N,-based heterojunctions.®®**” This high photo-
oxidation performance can be ascribed to the synergistic effects
of the heterojunction as well as superior NO adsorption capability
of the MOF.

5.3.3 Liquid phase degradation of pollutants. Water pollution
caused by chemical pollutants such as organic dyes, antibiotics,
and heavy metals causes significant environmental and health
concerns because these liquid pollutants have adverse effects on
aquatic organisms, even at ecologically relevant concentrations
between ng L' and g L™". Moreover, these toxins can enter the
human body through the food chain, posing significant health
risks.®*®7% Traditional wastewater treatment techniques are
divided into physical and chemical ones. Physical methods
typically encompass adsorption, membrane filtration, and ion
exchange and chemical methods include chemical deposition
and advanced oxidation. However, most of these treatments are
designed to remove either organic pollutants or heavy metals,
but both types of contaminants normally exist in wastewater.
Therefore, there is a pressing need to develop pollutant removal
technologies capable of degrading both organic pollutants and
heavy metal ions simultaneously. Low-dimensional EPMs have
great physical adsorption capabilities for wastewater pollutants
due to the large surface area and semiconductor characteristics,
and they can also efficiently photo-degrade pollutants under
visible light illumination.”®*~73

Synthetic organic dyes which are widely used industrially have
become a growing concern due to their impact on the ecosystem.
Azo dyes containing the azo-functional group R-N—N-R’
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(R and R’ can be aryl or alkyl) constitute more than 70% of
synthetic organic dyes.”®’* Methyl orange is a representative
azo dye that can be used to evaluate the effectiveness of
degradation for other azo dyes. Zhang et al. have investigated the
photo-degradation efficiency of 50 mL of methyl orange (100 ppm)
using amorphous red-P, crystalline red-P ([P12(4)]P2[ phase)
microbelts and violet-P microrods.**® Both crystalline red-P and
violet-P exhibit higher efficiency under visible light irradiation
compared to the amorphous red-P sample. Crystalline red-P
degrades 90% of the methyl orange within 40 minutes and the rate
is twice that of violet-P. The transient photocurrents of crystalline
red-P microbelts, which have a bigger surface area, are higher than
those of the violet-P microrods, indicating that the former has
superior photo-induced charge separation and transfer efficiency.

Ag,CO; has attracted the attention of many researchers due
to the unique photocatalytic mechanism. Ag" in Ag,CO; can
react with photo-induced electrons to form the Ag/Ag,CO;
system,”®® in which an appropriate amount of Ag can lead to
the production of surface plasmon resonance for enhanced
light absorption and photocatalytic efficiency,”*® but excessive
Ag may cause photo-corrosion and suppress the photocatalytic
activity.”®” Therefore, precise control of the Ag concentration
on the surface is critical. By taking advantage of the conduction
band and valence band positions of Ag,CO; and black-P, a
Z-scheme black-P/Ag,CO; heterojunction can be constructed to
avoid excessive formation of Ag nanoparticles and improve the
photocatalytic activity to degrade organic dyes. Wang et al. have
synthesized a direct Z-scheme heterojunction photocatalyst
composed of PDDA-functionalized black-P nanosheets and
Ag,CO; by co-precipitation.”®® The black-P/Ag,CO; composite
has a high degradation efficiency as exemplified by the miner-
alization of 94.1% of methyl orange into CO, and H,O within 30
minutes, which is better than that of Ag,CO; (43.3%). After four
irradiation cycles, the activity of the black-P/Ag,CO; composite
photocatalytic activity is 87.1%, whereas the pristine Ag,CO;
shows a 19.2% degradation rate (Fig. 46a). Ag,CO; has a lower
conduction band potential than the *O,™ redox potential and
the conduction band of Ag,CO; is incapable of reducing O, to
*O,  based on the type-II mechanism. However, capture experi-
ments show that both *O,™ and *OH play important roles in the
photocatalytic degradation of methyl orange (Fig. 46b and c),
confirming that it is not a type-II heterojunction but rather a
direct Z-scheme photocatalytic mechanism. The amount of
black-P affects the photocatalytic activity, because excess
black-P obstructs the photoactive sites on the Ag,CO; surface
but insufficient black-P cannot mitigate photo-corrosion. There-
fore, the Ag concentration must be controlled to optimize the
transfer and separation of photo-induced charges to function as
an ‘“electron sink” to enhance the stability of the black-P/
Ag,CO; heterojunction.

Rhodamine B is a well-known hydrophilic industrial color-
ant used in food processing, textile dyeing, and fluorescent
labelling. Rhodamine B is classified as a group 3 carcinogen by
The International Agency for Research on Cancer in 1987,”%°
and it is considered a carcinogenic, genotoxic, and neurotoxic
inducer or toxin in animals.”*® Jeong et al synthesized
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amorphous partial oxidized violet-P through an open-air ball
milling approach with controlled mechanical energy and the
materials have excellent catalytic activity for the removal of rhoda-
mine B in a lightfree environment.”*! In contrast to crystalline
violet-P prepared by conventional CVD, violet-P is amorphous.
When 10 mg of partially oxidized violet-P is added to 40 mL of
30 mg L~ " rhodamine B solution, complete reduction occurs within
15 minutes and the fastest rate occurs in the first 5 minutes. Violet-P
with strong electron affinity and surface P—=O as the redox-active
species are responsible for the outstanding activity.”"" Removal of
the oxidized phosphorus moiety normally decreases the catalytic
reduction rate, but amorphous violet-P retains the reducing ability
due to the substantial negative charge on the surface which persists
in a highly unstable state.

Inadvertent discharge of antibiotics is detrimental to the environ-
ment and organisms with antibiotic resistance and superbugs can
develop, which pose threats to human beings.”">”** Fe-based MOFs
are a unique class of MOFs exhibiting excellent stability, large
porosity, large surface area, ease of production, and environmental
friendliness.””>”"” Among them, MIL-101(Fe) has found many
applications in photocatalysis, although the fundamental limitation
is fast electron-hole recombination that decreases the photocataly-
tic efficiency. In this respect, red-P is an excellent dopant to improve
the photocatalytic activity of MOF-based photocatalysts. Lei et al
have prepared tunable red-P/MIL-101(Fe) composites by a low-
temperature solvothermal technique and investigated the efficacy
in photo-degradation of tetracycline.”*® Morphological analysis
reveals that the purified red-P is evenly anchored on MIL-101(Fe)
in the form of tiny particles thus producing a rough surface. At a pH
of 5, tetracycline concentration of 50 mg L™, catalyst dosage of
0.50 g L'}, and full-range wavelength exposure, the photocatalytic
efficiency of the Red-P (15 wt%)/MIL-101(Fe) composite towards
tetracycline is 90.1% in 80 minutes (Fig. 46d), which is higher than
those of pristine MIL-101(Fe) (51.1%), red-P (29.2%), and red-P
(1.5 Wt%)/TiO, (75.9%) under the same conditions.”*® Furthermore,
the composite has remarkable stability (Fig. 46e) and the photo-
current of red-P (15 wt%)/MIL-101(Fe) is also higher than that of the
pristine MIL-101(Fe) (Fig. 46f).

Besides organic pollutants, inorganic pollutants such as
lead, mercury, arsenic, and chromium contribute to water pollu-
tion. Cr(vi), a by-product of electroplating and leather manufac-
turing, can cause liver and renal disorders in humans.”*® The
metal-free photocatalyst g-C;N, with a bandgap of ~2.7 eV shows
good chemical stability but its poor electroconductivity limits the
catalytic activity.”*° Introduction of black-P with a smaller band-
gap can improve the conductivity of g-C3N, and the stability of
black-P can be enhanced by covering the noncovalent surface
with unreactive g-C;N,. Meng et al. have synthesized a ternary
heterojunction photocatalyst of g-C;N,/Black-P/MoS, by the
solvent-free high-energy ball milling method.””" The grinding
balls deliver high-temperature pulses to g-C;N,, black-P, and
MoS, causing chemical bond breakage and formation and
creating good interfacial contact to reduce the interfacial charge
transfer impedance and facilitate carrier migration and separa-
tion, making g-C;N,/Black-P/MoS, an efficient photocatalyst.
Under light illumination, the optimal g-C;N,/Black-P/MoS,

This journal is © The Royal Society of Chemistry 2023
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Fig. 46 Applications of elemental phosphorus materials to liquid phase pollutant degradation. (a) Cycling performance of Ag,CO3 and optimal black-P/
Ag>COs composite for methyl orange degradation. (b) Electron spin resonance spectra of the black-P/Ag,COs composite for DMPO-*O,~ and
(c) DMPO-*OH. Reproduced with permission from ref. 708. Copyright 2021 Springer. (d) The degradation of tetracycline using various photocatalysts.
(e) The cycling stability of red-P/MIL-101(Fe) for tetracycline degradation. (f) Photocurrent responses of red-P/MIL-101(Fe), pristine MIL-101(Fe), and red-
P. Reproduced with permission from ref. 718. Copyright 2020 Elsevier. (g) Photocatalytic Cr(vi) reduction rate curves in the presence of g-CsN4 (CN), ball-
milled g-C3N4 (MCN), black phosphorus (BP), and binary and ternary composites. (h) The band energy alignment scheme and photocatalytic reaction
mechanism of the g-CzN4/black-P/MoS, composite (MCN/BP/MS). Reproduced with permission from ref. 721. Copyright 2021 Elsevier.

composite eliminates nearly 100% Cr(vi) after 25 minutes
(Fig. 46g). However, the reduction efficiency of Cr(vi) by black-
P is inadequate with only 27.5% of Cr(vi) reduced in the same time.
Hence, light absorption by the ternary composite increases con-
siderably throughout the UV-vis range and charge transfer in the
ternary composite shows the mixed type-I/Z scheme (Fig. 46h). This
uncommon scheme allows integration of the electric field at the
interface, making it difficult for photogenerated electrons to migrate
from the high conduction band to the low conduction band or to
recombine with valence band holes. As a result, more photogener-
ated electrons with the strong reducing capacity remain in the
conduction band of g-C;N, and black-P to boost the photocatalytic
Cr(vi) reduction efficacy.”**

This journal is © The Royal Society of Chemistry 2023

5.3.4 Bacterial disinfection. Drinking water safety is a
worldwide concern, particularly in developing countries that are
experiencing rapid industrialization and urbanization,”*”>%7>*
According to the WHO, water contaminated with pathogenic
microorganisms is responsible for 80% infections in developing
countries.””® To address this issue, various methods have been
developed to disinfect water, for example, UV irradiation, ozo-
nation, chlorination, and high-temperature treatment.”*® How-
ever, these traditional technologies have drawbacks such as
insufficient disinfection, production of hazardous by-products,
and high energy consumption and it is essential to develop
high-efficiency and eco-friendly methods for bacterial disinfec-
tion. In recent years, semiconductor-based photocatalysis has
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emerged as a promising alternative for disinfection.”””””?° The inactivation of Escherichia coli by amorphous red-P under
materials generate reactive oxygen species (ROS) that act as visible light irradiation. The purified amorphous red-P has
powerful oxidants to inactivate a wide range of pathogens. superior bacterial inactivation efficiency due to the water stabi-

Amorphous red-P has been extensively studied in photoca- lity and moderate bandgap (1.42 eV). At a concentration of
talysis as an inexpensive and ambient-stable semiconductor.”® 100 mg L', the cell loss is 2 x 10” cfu mL™~" within 90 minutes
More importantly, it has low toxicity and can be used to during visible light irradiation (Fig. 47a), outperforming C;N,
disinfect drinking water.”** In 2015, Xia et al”*' reported and even metal-based B-Ni-co-doped TiO,.”**”** The disinfection
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conditions in the presence of amorphous red-P. (b) The proposed mechanism for bacterial disinfection by amorphous red-P under visible-light irradiation.
Reproduced with permission from ref. 731. Copyright 2015 American Chemical Society. (c) The synthetic process for preparing BPQDs/Cu,O/N-doped
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mechanism of amorphous red-P has been studied by monitoring
the leakage of membrane-functional enzymes and biomolecules.
ROS attacks the cell membrane as the primary target, increases
the cell membrane permeability, and ultimately kills the bacteria
via intracellular protein carboxylation and DNA destruction
(Fig. 47b). Athira et al”** have investigated the photocatalytic
efficiency of commercial red-P in inactivating Escherichia coli
using direct sunlight. The photo-induced ROS, mostly O,*~ and
HO,*, sterilizes the bacteria within 50 minutes with a red-P
concentration of 150 mg L™". The conduction band potential is
—0.497 V, which is more negative than the potential required for
the generation of O,*” by single-electron transfer reduction
(—0.16 V vs. NHE) and it is also adequate for the production of
HO,*. These findings suggest that amorphous red-P has promis-
ing prospects in photocatalytic bacterial disinfection and is
suitable for outdoor sterilization of water under natural light.

On the heels of the development of CVD for fibrous-P,
several studies have focused on the photocatalytic performance
pertaining to bacterial disinfection. Roshith and colleagues
have prepared urchin-like fibrous-P with a bandgap of 1.9 eV
and an absorption edge extending to 650 nm for more efficient
sunlight absorption.?** Under direct sunlight irradiation, a high
capacity to inactivate Escherichia coli is at 10° cfu mL™" in 30
minutes is demonstrated by urchin-like fibrous-P, which is more
effective than most red-P-based systems. An optofluidic reactor
capable of continuous flow photocatalytic disinfection of Escher-
ichia coli has been developed by immobilizing fibrous-P to the
inner wall of a quartz capillary.”* After sunlight exposure for 14
minutes, the immobilized photocatalyst reduces the bacterial
concentration by 6.7 1log 10 (>99.9999%). This continuous photo-
catalytic disinfection technique is promising for purposes as it
can be scaled up. Zhang et al. have reported a two-step approach
to prepare a crystalline red-P/graphene oxide layer on Ti for rapid
microbial inactivation.”*® An irregular pyramidal crystalline red-P
layer is first prepared on a Ti plate by CVD and then a graphene
oxide layer is deposited on the red-P layer via the shellac heating
transition. After exposure to simulated sunlight for 20 minutes,
the composite film shows an inactivation rate of 99.9% against
Staphylococcus aureus and Escherichia coli and also has good
antibacterial properties upon exposure to visible (>410 nm),
infrared (808 nm), and LED light.

The sharp edges of 2D nanosheets can physically damage
bacterial membranes producing leakage of intracellular contents
and bacterial death, the so-called “nanoknife” effect.”*”"*° Hence,
black-P nanosheets used as photocatalysts also produce physical
antibacterial effects. He et al.”* have constructed a metal-free 2D/2D
black-P and graphitic carbon nitride heterojunction for efficient
photocatalytic water disinfection under visible light. The disinfec-
tion activity against Escherichia coli is about 7 times higher than that
of pristine graphitic carbon nitride, and bacterial cells (10" cfu
mL ") can be completely inactivated within 60 minutes. Both black-
P and graphitic carbon nitride nanosheets are 2D materials with
synergistic physical antibacterial properties, and graphitic carbon
nitride can further mitigate the recombination of photoinduced
electrons/holes during the photocatalytic process to give electrons
sufficient time to form *OH and H,O, to attack bacteria.

This journal is © The Royal Society of Chemistry 2023
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A stable and well-ordered hierarchical structure can improve
the sunlight usage and lifespan of photo-induced charge carriers.
In particular, porous hollow structures have excellent light-
harvesting properties because of the longer light path. Luo et al.
have reported an MOF-derived BPQDs/Cu,O/N-doped hollow por-
ous carbon structure for inactivation of methicillin-resistant Sta-
phylococcus aureus.”*" The synthesis involves cross-linking copper
ions with trimesic acid through coordination assembly to form Cu-
BTC MOFs. Benzimidazole is added to the solution to control the
MOF shape and introduce the N source.”** Cu-BTC MOFs are then
used as the self-sacrificial templates in the annealing process to
generate Cu,O/N-doped hollow porous carbon. The sonicated
BPQDs interact with Cu,O/N-doped hollow porous carbon to
produce a regular octahedral-like ternary composite (Fig. 47c).
Cu,0 nanoparticles and BPQDs are evenly distributed throughout
the hollow sphere to form an indirect Z-type heterojunction
(Fig. 47d). This heterojunction constitutes a broad spatial barrier
to prevent charge congestion and recombination thus allowing
unimpeded transmission of photo-induced carriers and preserving
the high redox potential. Upon visible light irradiation, the ternary
composite shows photo-responsive multidrug-resistant bacterial
disinfection (Fig. 47¢) and completely inactivates 10° cfu mL ™"
Staphylococcus aureus within 30 minutes with a dosage of only
10 mg L' (Fig. 47f). Control experiments show that visible light
irradiation or the photocatalyst alone has no disinfection effects
on drug-resistant bacteria and the disinfection efficiency of single
BPQD or Cu,O/N-doped hollow porous carbon is thus not sig-
nificant (Fig. 47¢).”*" The photocatalytic stability of BPQDs/Cu,0/
N-doped hollow porous carbon is very good in the first three cycles,
but the efficiency decreases in the 4th cycle (Fig. 47h) on account
of photo-corrosion of Cu,0.”** Future research should aim at
developing more stable and efficient hierarchical photocatalysts.

5.3.5 Soil remediation. In recent decades, the global popu-
lation growth has spurred the demand for food and intensified
agriculture resulting in soil degradation. This is a critical global
issue that poses lasting harm to non-renewable soil resources
with severe economic and environmental consequences.”**7*¢
Saline-alkali soil is a significant type of salt-induced degraded soil
that covers an area of over 900 million hectares worldwide.”*
Typically, it is characterized by high salinity, poor water perme-
ability, and inadequate aeration leading to nutrient deficiencies,
decreased crop yields, and low quality.”**”7° Biochar is a solid
carbonaceous residue produced by thermal decomposition of
biomass.””" It is utilized as a soil pollutant adsorbent and
conditioner with significant potential in improving saline-alkali
soil. However, pristine biochar faces challenges in soil remedia-
tion. For example, it contains a large amount of soluble alkali
ions such as Na', K", Mg”*, Ca®", and excessive use of alkaline
biochar materials can increase the susceptibility of soil saliniza-
tion and impede plant growth.””*”>* Therefore, modifying the
biochar is necessary for saline-alkali soil reclamation.

Introducing phosphorus-containing substances (phosphate,
phosphorus oxide, and phosphorus allotrope) into biochar has
been proven to be effective modification technology to improve
remediation of saline-alkali soil. Phosphorus-containing sub-
stances undergo biodegradation in the soil to generate
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phosphate groups which can neutralize the soluble alkaline
ions in biochar.”>* Moreover, phosphorus acts as a nutrient
element for soil microorganisms and plant growth and
enhances plant phosphorus absorption, soil microbial activity,
and metal-ion immobilization.”®® In 2019, Li’s group reported
that Ca(H,PO,), engineered swine manure biochar could
immobilize toxic metal ions in smelting contaminated soil by
forming insoluble phosphate precipitates.”*® The application of
this modified biochar not only reduced the accumulation of toxic
metals in the plants, but also increased the plant biomass to
simultaneously promote remediation and crop production. Red-P
is a possible fertilizer that slowly converts to phosphate in the
presence of H,O and 0,.””” Recently, Sun’s group has developed
red-P-modified biochar through a ball milling approach for saline-
alkali soil remediation.”* The ball milling process converts red-P
powder into nanoparticles that are evenly distributed on the
biochar surface with a portion being oxidized into phosphorus
oxide and phosphate. The biochar is further ground into submi-
cron particles to increase the specific surface area and enhance soil
remediation. Through a series of experiments in amended soil,
researchers have proposed a remediation mechanism for red-P-
modified biochar (Fig. 48). First, biochar has a strong salt adsorp-
tion capacity to allay saline-alkali stress or stress responses in
plants. Both biochar-based materials and ball-milled red-P reduce
the soil electrical conductivity. Second, biochar improves the
physical and chemical properties of saline-alkali soil by increasing
the organic carbon content, cation exchange capacity, and water
storage while reducing the soil pH. Red-P-modified biochar can
reduce the soil pH to 7.36 and maintain it at a near-neutral pH
because phosphoric acid in red-P neutralizes hydroxyl ions in
s0il.””® Third, biochar is nutrient-rich and improves soil fertility
for plant growth. For the same level of phosphorus addition, red-P-
modified biochar contains more available phosphorus than ball-
milled red-P, suggesting its high potential as a fertilizer with the
ability to accumulate and release soil nutrients beneficial for
microorganisms and plant reproduction. Overall, red-P-modified
biochar is a promising soil amendment to enhance the soil
productivity and biological activity and in turn to promote the
growth of plants in saline-alkali soils.
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Fig. 48 Mechanism of red-P-modified biochar for saline-alkali soil reme-
diation. Reproduced with permission from ref. 750. Copyright 2021 Elsevier.
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The use of EPMs in soil remediation is still in its early stages
and only red-P has been directly applied for this purpose. Zhang
et al. have found that black-P nanosheets have no significant
effects on the enzyme activity in black soil during 60 day
exposure, demonstrating that black-P nanosheets are eco-
friendly compared with many other nanomaterials.”® This study
highlights the potential of black-P nanomaterials in soil remedia-
tion. Black-P nanomaterials possess a larger specific surface area
and higher chemical activity than nanoscale red-P, so that black-P
can quickly deposit oxidized metal ions in contaminated soil and
release high-valence phosphate in a shorter time. Therefore, it is
anticipated that modified black-P nanomaterials have superior
soil remediation characteristics compared to red-P. Moreover, the
current production cost of black-P-based materials has been
reduced to 0.235 Euros per gram, boding well for more wide-
spread use in soil remediation.>**

In summary, EPMs have developed distinctive applications
in the field of sensing and environmental remediation. Among
these, black-P exhibits superior conductivity in comparison to
other EPMs, rendering it an optimal choice for the development
of highly sensitive sensors. For pollutant treatment and bacterial
disinfection, amorphous red-P, crystalline fibrous-P, and violet-P
have demonstrated notable performance. This is largely due to
their appropriate bandgaps and environmental stability, making
them highly promising for sustained roles in environmental
catalysis. Furthermore, given that phosphorus serves as a suitable
fertilizer, exploring the application of EPMs in soil remediation
could prove to be a strategy with dual benefits, both repairing the
soil and enhancing its fertility. However, research in this parti-
cular domain is still relatively sparse at the present.

6. Conclusions and outlook

This review presents a comprehensive and up-to-date overview
of the progress pertaining to the development, fundamental
properties, synthetic methodologies, and applications of EPMs to
energy conversion, storage, and environmental remediation. Sig-
nificant progress has been made in understanding the structure—
property—function relationships of various phosphorus allotropes
to provide insights into the optimal constituent materials and
systems for specific applications. Although considerable achieve-
ments have been made in the design and engineering of EPMs,
there are still ample opportunities for further advancements. To
facilitate sustained development of EPMs in the post-graphene era,
this review provides critical information about the four important
aspects: (1) new allotrope discovery, (2) fundamental property
exploration, (3) synthetic methods and optimization, and (4)
applications and performance improvement.

The synergistic integration of artificial intelligence-based
theoretical calculations and chemical synthesis presents a
promising avenue for the discovery of new phosphorus allo-
tropes. Theoretically, phosphorus allotropes can be obtained by
the mixed assembly of distinct phosphorus cluster motifs.
However, as the range of EPMs continues to expand, the
challenge of identifying new allotropes becomes increasingly

This journal is © The Royal Society of Chemistry 2023
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complex. Traditional reliance on experience and intuition may
no longer be sufficient to uncover intricate phosphorus allo-
trope structures. This is where the evolving realm of artificial
intelligence steps in. With its potential applications in struc-
tural prediction, functional forecasting, performance analysis,
and structural optimization, artificial intelligence offers a
plethora of opportunities for improving both efficiency and
accuracy in these areas. Implementation of machine learning-
driven theoretical predictions can screen different phosphorus
cluster motifs with high throughput in order to reduce the need
for substantial human labour and computing resources.>® We
anticipate that more advanced and sophisticated artificial
intelligence algorithms will be developed, especially structural
prediction of new EPMs, in the future to expedite discovery and
enhance our understanding of these materials.

The primary aim of exploring fundamental properties is to
elucidate the precise structures of existing phosphorus allo-
tropes and the microscopic and nanoscopic interactions
between EPMs and exotic materials. Currently, the research
on properties focuses on black-P based materials but there is an
urgent need to characterize the fundamental properties of
other EPMs. It is imperative to conduct a comprehensive
examination of the structures of all five red-P modifications
and evaluate the associated structure-property relationships.
Furthermore, it is essential to investigate the alloying and
dealloying mechanisms of different crystalline phosphorus
for alkaline metal ion batteries. To observe these interactions,
appropriate in situ characterization techniques should be
employed in conjunction with ex situ methods.

Optimization of the synthetic methods and conditions is
crucial to both bulk crystals and low-dimensional nanomaterials
of EPMs. Developing high-quality, cost-effective synthesis for
bulk crystal production is important. Although several techni-
ques have been reported for the preparation of gram-level black-P
single crystals, the high production cost, elevated temperature,
and high pressure have impeded widespread adoption in many
laboratories. Successful synthesis of blue and green phosphorus
bulk crystals remains elusive but presents a potential avenue for
future inorganic synthesis. Although crystalline red-P bulk crys-
tals can be prepared by chemical vapor transport and other
methods, contamination from other crystalline forms is prevalent
necessitating improvements in quality control. The synthesis of
nanostructured EPMs grapples with challenges such as low yield
and inadequate quality control. The liquid-phase exfoliation
method shows promise for large-scale EPMs nanosheet produc-
tion, but often encounters issues like edge defects. In the synth-
esis of blue phosphorene, molecular beam epitaxy is the only
reported technique so far. It typically produces domain sizes
ranging from a few nanometers to several tens of nanometers,
which is significantly smaller than that required for practical
device fabrication. Additionally, there is a need to optimize the
synthesis of 1D nanoribbons and 0D quantum dots for different
phosphorus allotropes.

The current state of EPM application is primarily in the
proof-of-concept stage. The majority of applications are con-
fined to laboratory settings with insufficient attention being paid

This journal is © The Royal Society of Chemistry 2023
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to the cost, processability, and scalability of the synthesized
EPMs. Among the various EPMs, black-P and amorphous red-P
have greater potential for industrialization due to more advanced
development. Energy storage is one of the most promising
applications of EPMs and the construction of 3D hierarchical
structures represents a promising approach to enhance the EPM
energy storage capability by promoting ion diffusion and accom-
modating volume changes during charging-discharging cycles.
Furthermore, a deeper understanding of the intercalation pro-
cesses involving multivalent ions and organic ions will be useful
for the development of EPM-based electrodes in next-generation
batteries and supercapacitors.

In conclusion, substantial advancements have been made in
the field of EPMs in the past decade. Cutting-edge analytical
methodologies, computational chemistry, and nano-techniques
have fueled this progress and deepened our understanding of
the intricate structure-property-function relationships of EPMs.
At the same time, it is important to keep in mind that phos-
phorus is a critical resource. Application of phosphorus beyond
its dominant use for fertilizers should be critically evaluated for
sustainability, including in the field of EPMs. Future progress is
anticipated from extensive characterization of phosphorus allo-
tropes and development of a diverse range of micro and
nanostructures, with an increasing focus on sustainable usage
and recycling of phosphorus. This balanced approach will open
new opportunities for the practical application of EPMs.
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