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ABSTRACT

Semiconductor photocatalysis is a potential pathway to solve the problems of global energy shortage and
environmental pollution. Black phosphorus (BP) has been widely used in the field of photocatalysis owing
to its features of high hole mobility, adjustable bandgap, and wide optical absorption range. Nevertheless,
pristine BP still exhibits unsatisfactory photocatalytic activity due to the low separation efficiency of pho-
toinduced charge carriers. In recent years, the construction of heterostructured photocatalysts based on
BP has become a research hotspot in photocatalysis with the remarkable improvement of photoexcited
charge-separation efficiency. Herein, progress on the design, synthesis, properties, and applications of
BP and its corresponding heterostructured photocatalysts is summarized. Furthermore, the photocat-
alytic applications of BP-based heterostructured photocatalysts in water splitting, pollutant degradation,
carbon dioxide reduction, nitrogen fixation, bacterial disinfection, and organic synthesis are reviewed.
Opportunities and challenges for the exploration of advanced BP-based heterostructured photocatalysts
are presented. This review will promote the development and applications of BP-based heterostructured

photocatalysts in energy conversion and environmental remediation.
© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Photocatalysis is a renewable and economic technology aimed
at energy and environmental applications [1,2]. Research on semi-
conducting photocatalysis was stimulated in 1972 by the pioneer-
ing investigation of Fujishima and Honda [3] on TiO, electrodes for
photoelectrochemical water splitting. To date, plenty of photocat-
alysts have been designed and developed, most of which are
transition-metal-based semiconductors. Based on chemical com-
position, they can be classified as oxides (e.g., TiO,) [4], sulfides
(e.g., SnSy) [5], phosphides (e.g., CoP) [6], nitrides (e.g., TasNs) [7],
oxynitrides (e.g., BANbO,N) [8], and more. Since the discovery of
the activity of melon-based carbon nitride (denoted as CN) poly-
mer in photocatalytic water splitting [9], non-metal photocatalysts
have started to receive more attention in photocatalysis [10]. Sub-
sequent emergences of non-metal photocatalysts include selenium
[11], sulfur [12], boron [13], doped graphene [14], and red phos-
phorus (RP) [15]. The development of a photocatalyst that can effi-
ciently utilize visible and near-infrared (NIR) light and have high
photoexcited charge separation/transfer efficiency is highly
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desirable in order to pursue the maximum utilization efficiency
of solar energy [16,17].

Recently, black phosphorus (BP), also known as phosphorene, as
an emerging single-element two-dimensional (2D) material, has
received great attention in photocatalysis due to its fascinating fea-
tures, which include a layer-dependent direct bandgap (0.3-
2.1eV), strong visible and NIR light absorption ability, high carrier
mobility (~1000 cm?-V~'-s~1), in-plane structural anisotropy, low
toxicity, and biocompatibility [18-20]. These properties enable
BP to serve as a potential catalyst for water splitting and other pho-
toredox reactions [21,22]. However, a pristine BP photocatalyst
also suffers from shortcomings, which include the rapid recombi-
nation of photoexcited electron holes, and therefore exhibits mod-
erate catalytic activity in many photoredox reactions [23].
Accordingly, the construction of BP-based heterostructures can
suppress the recombination of photogenerated charge and carriers,
thus remarkably enhancing photocatalytic activity [24].

This article provides a comprehensive review of the design, syn-
thesis, properties, and photocatalytic applications of BP-based
heterostructured photocatalysts. BP-based heterostructured pho-
tocatalysts can be classified into semiconductor/BP heterostruc-
tures, carbon materials/BP  heterostructures, = metal/BP
heterostructures, and BP-based ternary heterostructures, based
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Fig. 1. Schematic illustration of the categories and photocatalytic applications of
BP-based heterostructures.

on the chemical composition of the second component (Fig. 1). This
article also presents the applications of BP-based photocatalysts in
water splitting, pollutant degradation, bacterial disinfection, car-
bon dioxide (CO,) reduction, nitrogen (N,) fixation, and selective
organic synthesis. Some perspectives and challenges in this area
are also presented, which will stimulate the research interests of
the chemistry, materials science, physics, and engineering
communities.

2. BP-based photocatalysts for water splitting
2.1. The mechanism of BP nanosheets for water splitting

The band structure of 2D BP semiconductors has been investi-
gated by density functional theory (DFT) calculation. BP has a
bandgap of 1.79 eV under 7% tensile strain along the a axis and a
bandgap of 1.82 eV under 5% tensile strain along the b axis at pH
8.0 (Fig. 2) [25]. The conduction band minimum (CBM) of BP engi-
neered with strain is more negative than the H*/H, potential, while
the valence band maximum (VBM) is more positive than the O,/
H,O0 potential [25]. Therefore, BP could serve as a potential photo-
catalyst for visible-light-driven water splitting due to the suitable
bandgaps and band edge alignments [25].

2.2. Design and synthesis of BP nanosheets for water splitting

In the past decades, a great deal of research effort has been
spent on the preparation of monolayer or few-layer BP (FP). The
synthetic methods of 2D BP can be divided into top-down methods
(e.g., liquid exfoliation, microwave exfoliation, and ball milling)
and bottom-up methods (e.g., hydrothermal and solvothermal
methods) [26]. Zhu et al. [27] showed that BP nanosheets prepared
by a ball-milling method (BP-BM) exhibited higher photocatalytic
activity in Hy evolution than bulk BP, without using a cocatalyst
(Fig. 3). The formation of BP nanosheets leads to an enlarged band-
gap, improved electron-reduction ability, accelerated electron-hole
separation rate, and enlarged specific surface area, resulting in
enhanced photocatalytic activity in H, evolution [27]. In addition,
BP nanosheets prepared by a solvothermal method and loaded
with platinum (Pt) can generate H, from pure water, and possess
a 24-fold higher H, evolution rate than CN nanosheets [28]. The
partial oxidation of the surface of BP leads to the increase of both
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Fig. 2. (a) Formation of the conduction band minimum (CBM) and valence band
maximum (VBM) of BP by introducing uniaxial strain using Heyd-Scuseria-
Ernzerhof (HSE06) functional; (b) band edge alignments of BP under ambient
condition or engineered with uniaxial strain. NHE: normal hydrogen electrode.
Reproduced from Ref. [25] with permission of American Chemical Society, ©2014.

the photocatalytic activity and stability of BP nanosheets [28].
The synthesis of FP nanosheets with a top-down or bottom-up
approach brings us a step closer to real-world applications of BP-
based photocatalysts for solar energy conversion.

In addition, the hydrogen evolution rate (HER) of BP nanosheets
in photocatalytic water splitting can be improved by surface modi-
fication and dye sensitization [16]. Functionalized BP with indium
(1) chloride, tris(pentafluorophenyl)borane, and a benzyl group
showed stability under ambient conditions and exhibited higher
HER than pristine BP [16]. The HER activity of BP was also signifi-
cantly improved when Eosin Y was used as the photosensitizer
[16].

2.3. Recent advances of BP-based heterostructured photocatalysts in
water splitting

Although pristine 2D BP has gained great attention as a poten-
tial candidate for photocatalytic water decomposition, the high
charge recombination of charge carriers and the poor stability of
BP nanosheets restricts their practical application. The heterostruc-
ture construction can promote the spatial separation of photoin-
duced electrons and holes and can endow photocatalysts with
optimized photocatalytic performance [29,30]. This section dis-
cusses the development of metal/BP, semiconductor/BP, carbon
materials/BP, and BP-based ternary heterostructures in photocat-
alytic water splitting. The photocatalytic activities of BP-based
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Fig. 3. (a) The synthetic process of BP-BM; (b) photocatalytic water-splitting activities of BP-BM photocatalysts under visible-light irradiation (4>420 nm). Reproduced from

Ref. [27] with permission of Wiley-VCH Verlag GmbH & Co. KGaA, ©2017.

photocatalysts in H, evolution are summarized in Table 1 [23,26-
29,31-53].

Construction of a metal/BP heterostructure is an important
method to enhance the photocatalytic activities in hydrogen evolu-
tion. With Pt loaded as a cocatalyst, BP nanosheets prepared using
the hydrothermal method exhibited superior photocatalytic H,
evolution activity, which was attributed to the layered polycrys-
talline structure and stronger light absorption ability of BP [29].

In addition, BP has been coupled with various semiconductors
(e.g., metal oxide, metal sulfide, metal phosphide, metal vanadate,
and CN) to constitute highly efficient photocatalytic water-
splitting systems [31,32]. In these hybrid systems, BP serves as a
non-metal cocatalyst to raise the photocatalytic activities of the
semiconductors in water decomposition, due to the following
advantages: (D a large surface area and abundant active sites;
® a tuneable band gap that can be used to form a suitable band
structure with other semiconductors; and @ high mobility for
shuttling photogenerated charges [33]. For example, a BP
nanosheet/TiO, mesocrystal hybrid was utilized as a photocatalyst
for H; evolution under visible and NIR light when depositing with
Pt as a cocatalyst, because the hybrid could harvest ultraviolet (UV)
to NIR light and exhibited high charge-separation efficiency [34].
Furthermore, the hybridization of FP with CdS contributed to a
remarkably enhanced photocatalytic H, evolution rate [35]. The
beneficial band structure, remarkable charge mobility, and abun-
dant active sites of BP, as well as the intimate electronic interaction
between BP and CdS, are the major reasons for the promoted pho-
tocatalytic activity of BP/CdS toward H, evolution (Fig. 4) [35].
Apart from that, the 2D/2D heterostructure of WS,/BP [36] and
MoS,/BP [37] photocatalysts can effectively accelerate the separa-
tion of charge carriers, and increase the H, evolution rate under
visible light and NIR light illumination. Moreover, an apparent
quantum efficiency (AQE) of 42.55% at 430nm for H, evolution
and solar-to-hydrogen conversion efficiency of 5.4% was obtained
when using CoP/BP nanosheets as a photocatalyst in pure water
without hole scavengers and bias [38]. The efficient utilization of
solar light by BP nanosheets and the high efficiency of charge-
carrier separation by amorphous CoP contributed to the enhanced
photocatalytic activity of CoP/BP in water splitting [39].

Metal-free heterostructured photocatalysts composed of BP and
CN were designed and prepared for water splitting under visible
and NIR light irradiation [40]. The strong interfacial contact and
efficient charge transfer between BP and CN via the formation of
N-P bonds contributed to the improved photocatalytic activity of
the BP/CN hybrids for H, evolution (Fig. 5) [40]. Moreover, the inti-
mate electronic coupling and accelerated charge separation and
migration in the 2D/2D van der Waals heterostructure resulted in
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more superior photocatalytic activity and stability of the BP/CN
heterostructure in H, evolution [41]. In addition, phosphorene
quantum dots (QDs) were coupled with layered CN to form a
zero-dimensional (0D)/2D heterojunction in order to facilitate free
carriers’ separation and improve photocatalytic activities for water
splitting [42-44]. The enhanced photocatalytic activity of BP QDs/
CN is ascribed to the type Il band alignment, the formation of P-C
bonds, and the efficient interfacial charge separation between BP
QDs and CN.

To improve the photocatalytic activity of BP, the hybrid nano-
structure that is formed by the combination of BP and carbon
materials has attracted extensive attention. Benefiting from the
efficient charge transfer between Pt/reduced graphene oxide
(RGO) and excited BP nanoflakes, the BP/Pt/RGO hybrid can serve
as a photocatalyst for water splitting under visible and NIR light
illumination [45]. When Pt nanoparticles, BP, and RGO coexisted,
the H, generation amounts reached about 5.13 and 1.26 pmol
under >420 and >780nm irradiation for 4 h, respectively [45].

Aside from the H, evolution half-reaction, BP-based materials
have also been applied to the water oxidation half-reaction. The
BP-Ni(OH), hybrid exhibited an O, production rate of 15.7 umol
per gram catalyst per hour or 224.3 umol per gram BP per hour
under simulated sunlight illumination [54]. Furthermore, overall
water splitting was realized over a Z-scheme heterostructure arti-
ficial photosynthetic system composed of 2D BP/BiVO,. In this pho-
tosystem, the O, generation reaction was driven by the
photogenerated holes in the valence band (VB) of BiVO,4, while
the H, evolution reaction was initiated by the photogenerated
electrons in the conduction band (CB) of BP [47]. These discoveries
demonstrate the promising prospect of semiconductor/BP
heterostructured photocatalysts in water splitting.

Extensive effort has been focused on the design of BP-based bin-
ary nanocomposites for photocatalytic water splitting. To further
improve the physicochemical properties and photocatalytic activi-
ties, BP-based ternary composites have been developed. The con-
struction of a ternary heterostructure by combining wide-
bandgap semiconductors, narrow-bandgap semiconductors, and
metal takes full advantage of the respective superiorities of each
component, hence providing an effective approach to realize better
photocatalytic performance. BP-Au/La,Ti,O; can be utilized as a
broadband solar-response photocatalyst for H, production, because
plasmonic gold (Au) and BP can harvest broadband light, and
electrons can efficiently migrate from BP and Au to La,Ti,O; (Fig. 6)
[48]. Furthermore, BP QDs-Au-CdS [49], BP QDs-CdS-La,Ti,0O,
[50] and CdS/BP-MoS, [51] heterostructures can efficiently
photocatalytically generate H, for a wide solar spectrum, and show
higher H, production rates than those of binary hybrids. Moreover,



Table 1
Summary of the photocatalytic activities of BP-based photocatalysts in H, evolution.
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Photocatalyst Heterojunction Cocatalyst  Sacrificial Light source Mass of HER AQE and wavelength Stability Ref.
type agent catalyst
BP-BM — - Na,S/Na,SO03 Xe, 300W, >420nm 5mg 2.6 umol-h~! 0.47% (420 nm) 10h [27]
BP nanosheets - - TEOA Xe, 300W, >420nm 0.2mg 0.01 umol-h™! - 40h [23]
BP nanoparticles — - TEOA Xe, 300W, >420nm 0.8mg 0.04 pmol-h~! — 40h [23]
BP nanosheets — — TEOA Xe, 300W, >420nm 5mg 17.9 umol-h~! 3.9% (420 nm) 36h [26]
BP nanosheets - Pt Methanol Xe, 300W, >420nm 50mg 6.9 pmol-h~! — 30h [29]
BP nanosheets — - — Xe, 300W, >420nm 25mg 0.37 pmol-h~! — 12h [28]
+4 months
BP nanosheets - Pt - Xe, 300W, >420nm 25mg 11.2 umol-h~! 3.8% (420nm) 20h [28]
BP/TiO, Z-scheme Pt TEOA Xe, 300W 25mg 51.7 umol-h~! 18.23% (365 nm) 18h [33]
BP/TiO, mesocrystal — Type Il Pt Methanol Asahi Spectra Hal-320, 200 mW-cm 2, >420 nm 2mg 1.9 pmol-h~! 7.1% (420 nm) 12h [34]
BP/TiO, mesocrystal  Type Il Pt Methanol Asahi Spectra Hal-320, 200 mW-cm 2, > 780 nm 2mg 0.41 pmol-h~! 1.2% (780 nm) — [34]
BP/CdS Type II — Lactic acid Xe, 300W, >420nm 20mg 223.8 pmol-h~! 34.7% (420 nm) 20h [35]
Zn,Cd; _,S/BP Type 11 — Lactic acid Xe, 300W, >420nm 20mg 186.5 umol-h~! 21.5% (420 nm) 20h [31]
BP152/Zno sCdg5S — — Na,S/Na,SO03 Xe, 300W, >420nm 10mg 1371.7 umol-h™!  36.3% (420nm) 27h [32]
BP152/Zno sCdosS — - Na,S/Na,S03 Xe, 300W, >510nm 10mg 269.6 pmol-h~! — — [32]
BP/WS, — — EDTA Xe, 320W, >780nm 0.22mg 0.8 pmol-h~! 2.06% (780 nm, 1.1 mg 12h+1month [36]
catalyst)
BP/WS, — — EDTA Portable infrared laser, 2W, 808 nm 0.22mg 0.5 pmol-h~! 3h [36]
BP/MoS, — - Na,S/Na,S03 Xe, 300W, >420nm 10mg 12.86 pmol-h~! 1.2% (420nm) 12h [37]
CoP/BP — — — Xe, 300W, >420nm 40 mg 15 umol-h~! 42.55% (430 nm) 40h [38]
CoP/BP — — Oxalic acid Xe, 300W, >420nm 2mg 1.4 umol-h~! 16 h+2days [39]
BP/BiVO, Z-scheme - EDTA Xe, 320W, >420nm 5mg 2.5 umol-h~! 0.89% (420 nm) 9h [47]
MBWO/BP Z-scheme Pt TEOA Xe, 300W, Vis light, >420 nm 20mg 84.1 pmol-h~! — 25h [46]
BP/CN Type | — Methanol Xe, 320W, >420 nm 1.5mg 0.6 pmol-h~! 3.2%(420nm, 10 mg catalyst) 21h+2weeks [40]
BP/CN Type | — Methanol Xe, 320W, >780 nm 1.5mg 0.2 umol-h~! 1.1% (780 nm) — [40]
BP/CN Type | — Lactic acid Xe, 300 W, >400 nm 20mg 11.4 pmol-h™! 1.2% (420nm) 14h [41]
BP/CN Type | — Isopropanol LED, 440-445 nm 2mg 1.57 umol-h~! — 18h [53]
BP QDs/CN Type I — Methanol Xe, 200W, simulated sunlight 100 mg 190 umol-h~! — 25h [42]
BP QDs/CN Type II — Methanol LED, 405 nm 100 mg 133 umol-h™! — 5h [42]
BP QDs/CN Type 11 — Methanol LED, 420 nm 100 mg 90 pmol-h~! — 5h [42]
BP QDs/CN Type I — Methanol LED, 550 nm 100 mg 10.4 umol-h! — 5h [42]
BP QDs/CN Type I Pt Methanol Xe, 300W, >420nm 39.6 mg 10.7 pmol+h™! — 32h [43]
BP QDs/reticulated Type II Pt TEOA Xe, 300W, >420nm 10mg 138.3 pmol+h™! 16.5% (420 nm) 36h [44]
CN
BP/Pt/RGO - - EDTA Xe, 320W, >420nm 0.375mg 1.3 umol-h~! 8.7% (420nm, 1.88 mg 20h [45]
catalyst)
BP/Pt/RGO — — EDTA Xe, 320W, >780nm 0.375mg 0.3 pmol-h~! 1.5% (780nm, 1.88 mg 4h [45]
catalyst)
BP/Pt/RGO — - EDTA Portable infrared laser, 2W, 808 nm 0.375mg 0.2 pmol-h~! — 4h [45]
BP-Au/La;Ti;07 — — Methanol Xe, 320W, >420nm 1.5mg 1.1 umol-h~! — 12h [48]
BP-Au/La,Ti, 07 — — Methanol Xe, 320W, >780nm 1.5mg 0.5 pmol-h~! — 12h [48]
BP QDs-Au-CdS — — Na,S/Na,S03 Xe, 300 mW-cm 2, >420nm 20mg 172 pmol-h’1 2.3% (900 nm) 18h + 3weeks [49]
BP QDs-CdS- — — Na,S/Na,S03 Xe, 300 mW-cm 2, UV-Vis-NIR 20mg 19.2 umol+h~! — 15h [50]
La,Ti, 0,
BP QDs-CdS- — — Na,S/Na,S03 Xe, 300 mW-cm 2, Vis-NIR, >420 nm 20mg 16 pmol-h~! 2.2% (420 nm) — [50]
La,Ti, 0,
BP QDs-CdS- — — Na,S/Na,S03 Xe, 300 mW-cm 2, NIR, >700 nm 20mg 5.2 umol-h~! 0.5% (700 nm) — [50]
La,Ti, 0,
CdS/BP-MoS, — - Lactic acid Xe, 150W, 100 W-m 2, a solar simulator, AM 1.5G ~ 1mg 183.2umol-h™!  63.1% (425nm) 60h [51]
filter
Ni,P at BP/CN - - TEOA Xe, 300W, >420nm 20mg 17.2 umol-h~! 2.8% (420 nm) 20h [52]

AQE: apparent quantum efficiency; TEOA: triethanolamine; EDTA: ethylene diamine tetraacetic acid; MBWO: monolayered Bi,WOg; QD: quantum dot; LED: light-emitting diode; RGO: reduced graphene oxide; UV: ultraviolet;
Vis: visible.

1001-166 (1Z02) 2 Sumauisug



Y. Zheng, Y. Chen, B. Gao et al.

A
-1.5~ H
—1.0- A .
S 05 -053V
T i
T 0
n {
[ -
= 05visible light
£ 1.0-{(22420 nm)
s !
5 1.5- VB
& 170V '-%—JBA 75V
2.0~ -
25 - Lactic acid) Cds Few-layer
271 Oxidation product phosphorene
(pH=0) (a)
Oxidation
L product
Visible light Lactic acid
(2 >420 nm)
o o ®cCd
e Os
P
o H*
oo H

Fig. 4. Schematic illustration of the photocatalytic mechanism of the CdS/BP hybrid
for water splitting. SHE: standard hydrogen electrode; CB: conduction band; VB:
valence band; Eg: band gap energy. Reproduced from Ref. [35] with permission of
Wiley-VCH Verlag GmbH & Co. KGaA, ©2017.
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Fig. 5. Schematic diagram for the photocatalytic water-splitting mechanism over
BP/CN. Ox: oxidation. Reproduced from Ref. [40] with permission of American
Chemical Society, ©2017.

2D BP-supported NiyP can act as an earth-abundant cocatalyst to
couple with a 2D porous CN nanosheet to further enhance
visible-light photocatalytic H, production activity [52]. These find-
ings demonstrate the superiority of BP-based heterostructured
photocatalysts in water splitting.

3. BP-based photocatalysts for pollutant treatment and
bacterial disinfection

BP-based photocatalysts have stimulated continuous research
interest due to their promising photocatalytic application in pollu-
tant treatment. With the advantages of their unique electronic
structure and physicochemical properties, BP and its hybrids have
been used for the photocatalytic degradation of various pollutants,
such as rhodamine B (RhB), reactive black 5 (RB 5), methyl orange
(MO), methylene blue (MB), 2-chlorophenol (2-CP), bisphenol A
(BPA), 1,3-diphenylisobenzofuran (DPBF), dibutyl phthalate
(DBP), Cr(VI), and NO. This section discusses the application of BP
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Fig. 6. (a) Photocatalytic H, evolution over BP-Au/La,Ti,O; (LTO) under Vis-NIR
(>420nm) and NIR (>780nm) light irradiation; (b) effect of the Au ratio on
photocatalytic H, evolution rate for BP-Au/La,Ti,0;. Reproduced from Ref. [48]
with permission of Wiley-VCH Verlag GmbH & Co. KGaA, ©2017.

nanosheets, BP QDs, and BP-based heterostructured photocatalysts
in pollutant treatment.

3.1. BP nanosheets and BP QDs for pollutants treatment

The molecular oxygen activation and pollutant degradation
ability of 2D BP nanosheets has aroused great research interest.
Ultrathin 2D BP nanosheets were prepared by Wang et al. [55]
via a sonication-mediated liquid exfoliation method in degassed
water (Fig. 7). The BP nanosheets served as a photosensitizer for
singlet oxygen ('0,) production with a high quantum yield of
about 0.91 [55]. Furthermore, ultrathin BP nanosheets also present
an exotic, excitation-energy-related, optical-switching effect in the
production of reactive oxygen species (ROS) [56]. The primary ROS
products are hydroxyl radicals (*OH) and '0, under UV and visible-
light irradiation, respectively. BP nanosheets exhibited excellent
activity in the photocatalytic degradation of MO under different
illumination conditions [56]. In another case, '0, and 0, were
generated by energy/charge transfer from the excited P* to the
ground state of O, when 2D BP nanosheets, oxygen, water, and
light coexisted [57]. The photodegradation efficiency of DBP for
2D BP nanosheets was greatly improved via the '0, oxidation reac-
tion, whereas the effects of O,~ with lower oxidative reactivity
were negligible. These findings indicate a promising technique
for the removal of water-soluble organic pollutants by 2D BP-
based photocatalysts [57].
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Fig. 7. (a) Synthetic process of ultrathin BP nanosheets; (b) transmission electron microscope (TEM) image; (c) atomic force microscope image; (d) corresponding height
image of ultrathin BP nanosheets. Reproduced from Ref. [55] with permission of American Chemical Society, ©2015.

In addition, bandgap-tunable BP QDs were prepared by Yuan
et al. [58] via a liquid exfoliation approach in a mixed solvent of
oleic acid and N-methyl pyrrolidone. The as-prepared BP QDs with
a bandgap of 2.82 eV showed high photocatalytic activity for RhB
degradation [58]. The major ROS products, ‘OH and O, ~, account
for the superior photocatalytic activities of BP QDs for RhB degra-
dation. Furthermore, a heterostructure of BP QDs and attapulgite
(BP QDs/ATP) demonstrated higher photocatalytic activity toward
the decomposition of BPA due to the sensitization of BP QDs and
the facilitation of charge separation [59]. The development of BP-
based photocatalysts will open up new opportunities for environ-
mental remediation [59].

3.2. BP-based heterostructured photocatalysts for pollutant treatment
and bacterial disinfection

Diverse categories of BP-based heterostructured photocatalysts
have been developed for pollutant degradation, including semicon-
ductor/BP, carbon materials/BP, metal/BP, and BP-based ternary
composites [60]. This section discusses the progress that has been
made on the application of these heterostructures for pollutant
degradation. The photocatalytic activities of BP-based photocata-
lysts in pollutant degradation are summarized in Table 2
[46,53,55-59,61-68,70-75].

The loading of metal nanoparticles on BP to construct a metal/
BP heterostructure is a key method for enhancing photocatalytic
activity. Plasmonic Ag/BP nanohybrids synthesized via a chemical
reduction approach were applied to photocatalytic pollutant
degradation (Fig. 8) [61]. When decreasing the layer thickness of
BP from multi-layers to few-layers, or increasing the size of the sil-
ver (Ag) nanoparticles, Ag/BP plasmonic nanohybrids exhibited
higher photocatalytic activity than pristine BP nanosheets in RhB
degradation. This research opens a new path for the application
of plasmonic metal/BP nanohybrids in photocatalytic pollutant
degradation [61].

Various semiconductors, such as TiO,, CeO,, MoS,, RP, and CN,
have been coupled with BP to form heterostructures with
improved photocatalytic activity for pollutant degradation [62].
Lee et al. [63] were the first to apply FP-titanium dioxide
(BP@Ti0;) hybrids to pollutant degradation and bacterial disinfec-
tion. In comparison with BP, TiO,, and P25, BP@TiO, hybrid showed
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a higher rate constant in the decomposition of anionic (RB 5) and
cationic (RhB) dyes, and exhibited higher photocatalytic activity
in bacterial disinfection with visible-light illumination [63]. The
heterojunction between FP and TiO, promotes photoinduced
charge-carrier separation with the injection of electrons from the
CB of TiO, to FP, while the holes trapped from the VB in the FP
and/or TiO, will have longer lifetimes [63]. In addition, CeO,/BP
hybrids with oxygen vacancies were prepared by a hydrothermal
and deposition approach [64]. The photocatalytic degradation rate
of BPA for the CeO,/BP composite reached 82.3% within 180 min,
which was higher than that of the individual counterparts [64].
The Z-scheme heterostructure was responsible for the optimized
photocatalytic degradation activity, because of the accelerated
charge-carrier separation rate and the high redox potential of the
photogenerated charge carriers [64]. Furthermore, a 0D/2D
nanohybrid of BP QDs/MoS, was formed by anchoring BP QDs onto
MoS, nanosheets via a grinding and sonicating approach [65]. The
enhanced photocatalytic activity of the BP QDs/MoS, in MO
decomposition originates from its type II band alignment,
improved light-harvesting ability, and accelerated spatial charge
separation [65]. A hybrid nanocomposite of a zeolitic imidazolate
framework (ZIF-8) and BP (ZIF-8/BP) was formed by functionaliz-
ing BP with polyvinylpyrrolidone [66]. Since 2D BP functions as
an effective electron acceptor and promotes the charge separation
and transfer in ZIF-8, the ZIF-8/BP composites exhibited higher
photocatalytic reactivity toward the degradation of MB [66]. In
addition to the photodecomposition of pollutants in the liquid
phase, BP-based heterostructured photocatalysts have been
designed and applied to the removal of NO gas. A Z-scheme
2D/2D heterojunction of monolayered Bi,WOg/BP (MBWO/BP)
showed improved photocatalytic performance in NO removal to
purify air [46]. Oy'7, "OH, NO,, and NO3~ species were detected in
the reaction (Fig. 9) [46].

In addition to the construction of metal-containing semicon-
ductor and BP hybrids, the design of metal-free heterostructured
photocatalysts has stimulated great research interest. An RP/BP
heterostructure, which was synthesized via a high-energy ball-
milling technique, showed remarkably higher photocatalytic activ-
ity in the degradation of RhB than those of pristine RP and CdS [67].
Aside from the ball-milling method, RP/BP heterostructure pre-
pared using a microwave-assisted liquid-phase synthetic method
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Table 2
Summary of the photocatalytic activities of BP-based photocatalysts in pollutant degradation.
Photocatalyst Heterojunction type Pollutant Light source Time Removal rate Degradation rate Stability Ref.
BP — MO Xe, > 600 nm 20 min 90% 0.115min™" - [55]
BP - DPBF Xe, >600nm 15 min 50% 0.046 min~! — [55]
BP — MO Xe, >420nm 25 min 90% 0.092 min~! 10h [56]
BP — DBP Xe 360 min 45% 0.0025 min~! 6h [57]
BP QDs — RhB Xe, 300W, >420 nm 180 min — 0.0135min! 9h [58]
Ag/BP - RhB Xe, 300 W, >420 nm - - 0.057 min ' - [61]
BP QDs/attapulgite Type I BPA Xe, 300W 180 min 90% 0.013min! 3h [59]
BP/TiO, — RB 5 UV, 4W, <365 nm 70 min — 0.071min! 17.5h [63]
BP/TiO, - RB 5 Xe, 150 W, >420nm 70 min - 0.040 min ! 17.5h [63]
BP/TiO, — RhB UV, 4W, <365 nm 70 min — 0.077 min~! 17.5h [63]
BP/TiO, - RhB Xe, 150 W, >420 nm 70 min - 0.034 min~’ 17.5h [63]
TiO, at BP - RhB Xe, 300W, UV-Vis light ~ 120min  98% - 6h [62]
BP/Ce0, Z-scheme BPA Xe, 300W 180 min 82.3% — 3h [64]
BP QDs/MoS; Type I MO Xe, 300W, >420 nm 40 min — 0.052min! 8h [65]
BP QDs/MoS, Type II MO Xe, 300W, >780 nm 60 min - 0.03 min~' 22h [65]
ZIF-8/BP - MB Hg, 500 W 60 min 90% 0.045 min ' 1h [66]
MBWO/BP — NO Xe, 300W, Vis light 30min 67% - 3h [46]
RP/BP - RhB Xe, 300W, >420 nm 30min - 0.069 min~’ 7h [67]
RP/BP - MB Xe, 300 W, >400nm 180min  91% - 3h [68]
BP/CN Type 1 RhB Xe, 300W, >420nm 30min — 0.288 min~! 6h [70]
BP/CN Type | RhB LED, 440-445 nm 30min - 0.10min™" 1.5h [53]
BP/Ceo — 2-CP Xe, 300W, >420 nm 50 min — 0.112min"! 5h+1week [71]
Graphene-BP - 2-CP Xe, 300W, >420 nm 180 min 87.08% 0.011 min™! 15days [72]
BP-Ag/TiO, — MB Xe, 300W, >420 nm 85 min 100% 0.029 min~! 4.25h [73]
BP-Ag/TiO> - MB Xe, 300W, >780 nm 85 min 25% 0.003 min ™! 425h [73]
Ag-BP NS/GO - MB Xe, 300W, >420nm 90 min - 0.0313 min ™" 9h+1week  [74]
BP/CN/MOFs — NO Xe, 300W, Vis light 30min 74% - 2.5h [75]
ZIF: zeolitic imidazolate framework.
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Fig. 8. (a) Photocatalytic activities of Ag/multi-layered BP (m-BP) and Ag/few-layered BP (f-BP) hybrids for RhB degradation (insets show the TEM images of Ag/m-BP and Ag/
f-BP); (b) energy bands of f-BP, Ag, and m-BP. E¢,,: Fermi energy level. Reproduced from Ref. [61] with permission of American Chemical Society, ©2016.
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showed superior photocatalytic ability in MB decomposition with
visible-light irradiation [68].

Furthermore, a metal-free heterostructure composed of BP/CN
was designed and applied to the photocatalytic removal of RhB
and Cr(VI) [69]. BP/CN hybrids were synthesized using a one-step
liquid exfoliation strategy in N-methyl-pyrrolidone (NMP) [70].
The BP/CN hybrids showed enhanced photocatalytic activity in
the degradation of RhB, which was mainly ascribed to the stronger
visible-light harvesting capability, accelerated charge-separation
rate, and enhanced ability in ROS generation (Fig. 10) [70]. To
lower the preparation cost, a BP/CN heterostructured photocatalyst
was synthesized from urea and RP via a ball-milling technique
[53]. The BP/CN heterostructure also exhibited superior photocat-
alytic activity in the degradation of RhB, which was attributed to
accelerated charge separation and migration, and the formation
of P-N bonds [53].

Carbon materials/BP heterostructures with enhanced stability
and photocatalytic activity have shown great potential in pollutant
degradation. The edge-selective functionalization of BP nanosheets
by the covalent bonding of Cgg molecules via covalent P-C bonds
was accomplished via a ball-milling method [71]. The participation
of Cgp results in photoinduced electron transfer from BP to Cgp, and
hinders the recombination of charge carriers, thus greatly increas-
ing the stability and photocatalytic activity of the BP-Cgo hybrid in
RhB degradation [71]. In another case, graphene-BP hybrids were
synthesized using a chemical vapor transport approach under mild
growth conditions [72]. The graphene-BP hybrid displayed higher
photocatalytic performance in the removal of 2-CP than BP under
visible-light irradiation, owing to the promoted transfer of pho-
toexcited charge carriers [72]. This breakthrough of hybridizing
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BP nanosheets with carbon materials opens up a new path toward
environmental manipulation.

BP-based ternary composites have been designed and devel-
oped to further promote their photocatalytic activity in pollutant
degradation and air purification. Benefiting from a better harvest
of solar light and improved charge-separation efficiency, a Ag/
TiO, nanohybrid sensitized by BP nanosheets (BP-Ag/TiO,) showed
outstanding photocatalytic performance in MB degradation under
visible and NIR light illumination [73]. Ag-BP/graphene oxide also
exhibited promoted photocatalytic activity in the decomposition of
MB, which was attributed to the broad-spectrum response of the
BP nanosheets and the effective trapping of electrons by the Ag
nanoparticles [74]. In addition, a ternary heterojunction composed
of BP, porous CN, and metal-organic framework (BP/CN/MOF) was
utilized as a macroscopic membrane material for the photocat-
alytic removal of NO [75]. The nanocomposite showed higher pho-
tocatalytic performance than CN-related heterojunctions in NO
removal under visible-light illumination [75]. These ternary
nanocomposites will become effective photofunctional materials
in environmental remediation.

The studies described above hold great promise for the prepara-
tion of highly efficient BP-based heterostructured photocatalysts
toward environmental remediation.

4. BP-based photocatalysts for N, fixation, CO, reduction, and
selective organic photosynthesis

In addition to applications in water splitting and pollutant
degradation, BP-based heterostructures have been used in N, fixa-
tion, CO, reduction, and selective organic photosynthesis. The
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Fig. 10. (a) Schematic illustration of the synthetic process of the BP/CN heterostructure; (b) photocatalytic activities of BP/CN hybrids in RhB degradation (Cy is the initial
concentration of RhB, and C is the concentration of RhB after photocatalytic reaction); (c) electron paramagnetic resonance spectra of 10% BP/CN hybrid for the detection of
0, '~ radicals (B is magnetic field, 1 G=10"* T). Reproduced from Ref. [70] with permission of Wiley-VCH Verlag GmbH & Co. KGaA, ©2018.
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composite of BP and CN nanosheets (BPCNS) exhibits high activity
in photocatalytic N, fixation (Fig. 11) [69]. The photocatalytic N,
fixation rate of 0.05BPCNS (0.05 means the mass ratio of BP to
CN nanosheets is 0.05) is 347.5 pmol-L~'-h~!, which is more than
eight times higher than that of CNS (40.5 pmol-L~"-h~") [69]. The
electrons in 0.05BPCNS can be excited more easily due to the
change of the m-conjugated CN system and the formation of C-P
bonds [69]. Recombination of photogenerated charge carriers is
suppressed due to the efficient transfer of photogenerated elec-
trons via the formation of C-P bonds [69]. Some of the lone pairs
on phosphorus atoms are occupied, owing to the formation of C-
P bonds in 0.05BPCNS, and the oxidation of BP is inhibited by
reducing the number of oxygen reactive sites. In addition, BP
QDs-modified CN composites can act as a candidate to initiate
the photocatalytic reaction of CO, reduction [76]. In comparison
with pristine CN (2.65 umol-h~'-g~1), BP/CN composites exhibited
enhanced carrier-separation efficiency and higher activities for
photocatalytic CO, reduction to CO (6.54 umol-h~'-g~1) [76].

2D BP has also been used for a solar-to-chemical energy conver-
sion reaction, in which triethylamine (TEA) was oxidized to TEA",
and chloro(triphenylphosphine)gold(l) (Au'TPP) was converted to
Au'BP and reduced to Au nanoparticles [77]. Furthermore, a Pt/BP
heterostructure with strong Pt-P interactions and good stability
has been demonstrated to show superior performance in the
hydrogenation of styrene and benzaldehyde, as well as the oxida-
tion of benzyl alcohol under simulated solar light irradiation
(Fig. 12) [78].
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Fig. 11. The mechanism of photocatalytic nitrogen fixation over 0.05BPCNS
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5. Conclusions

This review presents an overview of the synthesis, modification,
and photocatalytic applications of BP-based photocatalysts. Vari-
ous BP-based heterostructured photocatalysts have been designed
and prepared, including metal oxide/BP, metal sulfide/BP, metal
phosphide/BP, metal vanadate/BP, metal tungstate/BP, MOFs/BP,
RP/BP, CN/BP, metal/BP, carbon materials/BP, and BP-based ternary
composites. These BP-based heterostructured photocatalysts are
promising candidates toward water splitting, pollutant degrada-
tion, disinfection, CO, reduction, N, fixation, and organic synthesis.

Despite essential advances in the development of BP-based
photocatalysts, the performance of BP-based photocatalysts cannot
yet satisfy the demands of practical applications. Future efforts are
highly desired in the following aspects. First, the exploration of
effective methods to optimize the photocatalytic properties of
BP-based materials is still required. Rationally tuning the bandgap
configuration and surface properties of BP is required for the
design of highly efficient photocatalysts. Second, more comprehen-
sive investigation of the reaction mechanism via theoretical calcu-
lations and in situ characterization techniques is necessary to
clarify the thermodynamics and kinetics of the catalytic process
as well as the structure-activity relationship of photocatalysts
[19,20]. Third, the exploitation of suitable approaches to enhance
the long-time stability of BP-based materials in photocatalytic sys-
tems is highly necessary. The degradation of BP arises from the
reaction between O, and the lone pair electrons perpendicular to
the BP surfaces, which may induce the generation of PO, species
[79]. In general, the stability of BP can be enhanced by the forma-
tion of a heterostructure. Strategies including passivation, the
covalent surface modification of BP, and encapsulating BP with
protective layers could also be developed and utilized to prevent
the oxidation of BP from the air [80]. Finally, an environmental risk
assessment of these nanostructured photocatalysts should be ade-
quately conducted before practical application. The toxicity of
intermediate products should be evaluated, since some pollutants
cannot be mineralized during the photocatalytic degradation pro-
cess [81]. The real commercial and industrial applications of BP-
based catalysts via the photocatalytic route require more extensive
investigation, and we expect their possible realization in the
future, with continued efforts in this direction.
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