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transfer,[11–14] chemical vapor deposition 
(CVD),[15–22] solvothermal processes,[23–27] 
and wet chemical reactions.[28] In cova-
lently formed heterostructures, different 
nanomaterials are attached through direct 
bond formation or by bonding using 
organic linkers. By contrast, different 
nanomaterials are stacked layer-by-layer 
via van der Waals interactions or electro-
static interactions to form noncovalent 
heterostructures. A range of heterostruc-
tures has been developed by assembling 
various 2D materials, including gra-
phene,[2,29] transition metal dichalco-
genides (TMDs),[30–32] graphitic carbon 
nitride (g-C3N4),[33,34] hexagonal boron 
nitride (h-BN),[35,36] and transition metal 
carbides or nitrides (MXene).[37]

Black phosphorus nanosheets (BPNSs) 
are a rising star among 2D materials 
beyond graphene because of their unique 

physicochemical properties.[38–47] In black phosphorus (BP) 
crystals, different BP layers are stacked together via weak van 
der Waals interactions, and the phosphorus atoms are chemi-
cally linked to each other via sp3-hybridized covalent bonds 
within a layer, leaving a lone pair of electrons on each phos-
phorus atom.[48] BPNSs show a repeating puckered honeycomb 
structure along the armchair direction and a bilayer arrange-
ment along the zigzag direction, resulting in strong in-plane 
anisotropic electronic and optical properties in BPNSs.[49–51] 
BPNSs show a wide range of thickness-dependent direct 
bandgaps from 0.3  eV (bulk BP) to 2.0  eV (monolayer). Their 
optical response is dominated by excitons, exhibiting binding 
energies in the range of a few hundred meV.[52,53] Further-
more, monolayer BP possesses a charge carrier mobility of 
1000 cm2 V−1 s−1 and an excellent on/off ratio of 103–104 in 
field effect transistors.[54] Owing to these exciting properties, 
BPNSs have shown potential applications in photocatalysis, 
biomedicines, energy storage and conversion, and electronic 
and optoelectronic devices.[55–61] However, the poor stability of 
BPNSs under ambient conditions limits their real applications, 
mainly because of the chemical degradation of phosphorus 
atoms into phosphorus oxides in the presence of oxygen and/
or water.[62–66] So far, different approaches such as chemical 
functionalization[67–72] and metal oxide or ionophore protec-
tive layer coating[73–75] have been demonstrated as effective 
methods for improving the ambient stability of BPNSs. Among 
the different passivation strategies, building heterostructures 
via covalent or noncovalent approaches (Scheme 1) can help 
obtain BPNS-based heterostructures with various architectures 
and functionalities. BPNS-based heterostructures can provide 
the large area passivation of BPNSs, combine the properties 

Assembling different kinds of 2D nanosheets into heterostructures presents a 
promising way of designing novel artificial materials with new and improved 
functionalities by combining the unique properties of each component. In the 
past few years, black phosphorus nanosheets (BPNSs) have been recognized 
as a highly feasible 2D material with outstanding electronic properties, a 
tunable bandgap, and strong in-plane anisotropy, highlighting their suitability 
as a material for constructing heterostructures. In this study, recent progress 
in the construction of BPNS-based heterostructures ranging from 2D hybrid 
structures to 3D networks is discussed, emphasizing the different types of 
interactions (covalent or noncovalent) between individual layers. The prepa-
ration methods, optical and electronic properties, and various applications 
of these heterostructures—including electronic and optoelectronic devices, 
energy storage devices, photocatalysis and electrocatalysis, and biological 
applications—are discussed. Finally, critical challenges and prospective 
research aspects in BPNS-based heterostructures are also highlighted.

1. Introduction

Heterostructures of layer-by-layer-assembled 2D nanosheets are 
an important class of materials, as these possess novel hybrid 
physicochemical properties and promising applications in a 
range of technological areas, such as nanodevices, energy con-
version and storage, nanomedicines, and catalysis.[1–8] Hetero-
structures combine the unique intrinsic properties of different 
2D materials into new hybrid materials.[9,10] In general, hetero-
structures are constructed by assembling different nanomate-
rials via covalent bond formation or noncovalent interactions 
using various approaches, including layer-by-layer mechanical 
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of each component, and potentially generate new properties 
owing to the synergistic effect. In the heterostructures, the 
aggregation of BPNSs can also be reduced, so the intrinsic 
properties of BPNSs can be fully utilized. Thus far, BPNS-based 
heterostructures have found numerous applications such as 
in supercapacitors, batteries, field-effect transistors, catalytic 
water splitting, hydrogen or oxygen evolution reaction (HER or 
OER), biomedicine, and optoelectronics. It should also be men-
tioned that research on BPNS-based heterostructures is still at 
a very early stage, and several fundamental advances must be 
made, such as improved dispersibility and the development 
of efficient binding strategies. In 2018, Yang and Hao summa-
rized BPNS-based 2D heterostructures, focusing exclusively on 
device applications.[76] The formation of heterostructures and 
the exploration of potential applications have become some of 
the next research hotspots for BPNSs. Critical discussions on 
recent progress in this field, especially from the last two years, 
are essential for further development. Here, we summarize 
recent efforts and progress in the development of BPNS-based 
2D and 3D heterostructures and their applications. The critical 
problems encountered in the construction of heterostructures 
and potential future research directions are also discussed.

2. BPNS-Based Covalent and Noncovalent 
Heterostructures
2.1. BPNS-Based Covalent Heterostructures

The surface and/or edge functionalization of BPNSs obtained 
via forming covalent bonds with molecules/polymers is an 
effective means of passivating BPNSs and introducing new 
properties.[68,77,78] BPNSs utilize the lone pair of electrons 
present in the phosphorus and oxygen atoms existing in the 
hydroxyl group of oxidized phosphorus to constitute direct 
PC and POC covalent bonds, respectively.[72] Different 
chemical reactions have been developed for effective covalent 
functionalization of BPNSs, including free radical addition 
using diazonium chemistry[67] or the ball milling method,[71] 
nitrene addition,[79] and nucleophilic substitution.[80] Because 

BPNSs are feasible for use in different organic reactions, they 
can be attached to other 2D materials to form heterostructures. 
Covalently attached 2D heterojunctions can be constructed by 
the edge functionalization of BPNSs with other 2D materials, 
whereas heterointerfaces can be formed by covalent interac-
tions of the nanomaterials through the surface.[81–84] In addi-
tion to 2D heterostructures, 3D interconnected frameworks of 
BPNSs have been developed and have shown superior device 
and catalytic performance.[85–89] For instance, 3D crosslinked 
heterostructures were acquired by attaching carbon nano-
tubes (CNTs) to BPNSs using the ball milling method.[85–87] 
The CNTs were interposed between different layers of BPNSs 
to form a 3D interconnected structure, which prevents the 
self-restacking of BPNSs and improves lamellar conductivity. 
BPNSs can also be attached to other 2D materials by forming 
organic linkers, such as amide bonds, to obtain 3D assembled 
heterostructures.[88] As a result of directional layer-by-layer 
crosslinking, the 3D heterostructures improve the interfacial 
area and planarity between different layers. Recently, covalent 
POC bond formation between BPNSs and graphene oxide 
(GO) nanosheets was found to reduce the voids and improve 
the alignment degree of the GO nanosheets, resulting in an 
excellent toughness and enhanced electrical conductivity.[90] 
So far, reports on the covalently attached heterostructures of 
BPNSs have been few and superficial. Because the covalently 
attached 3D networks possess the advantages of reduced self-
restacking, a larger interfacial area, and porous structure, these 
materials are expected to be promising candidates for various 
applications, including energy storage and electrochemical or 
photochemical catalysis.

2.2. BPNS-Based Noncovalent Heterostructures

Owing to their large surface area with free electrons and 
negative zeta potential, BPNSs undergo various noncova-
lent interactions, such as those via van der Waals forces and 
electrostatic interactions with other 2D materials.[91–95] In 
most cases, different 2D materials are vertically stacked layer-
by-layer to form heterointerfaces and horizontally grown to 

Scheme 1.  Schematic representation of constructing BPNS-based covalent and noncovalent heterostructures.
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yield heterojunctions through different noncovalent interac-
tions. In general, BPNS-based noncovalent heterostructures 
are constructed using different methods, including mechan-
ical exfoliation and dry transfer, CVD, and self-assembly from 
liquid-phase exfoliated dispersions. The first method forms van 
der Waals heterostructures through mechanical exfoliation, fol-
lowed by the controlled transfer of different 2D layers through 
polymethylmethacrylate (PMMA) transfer,[96,97] polymethylglu-
tarimide and PMMA transfer,[98] polyvinylalcohol (PVA) and 
PMMA transfer,[99] PDMS transfer,[100–104] and polycarbonate 
and PDMS transfer.[105] A 2D BPNS/Al2O3/BPNS van der Waals 
heterostructure was prepared by transferring two layers of 
mechanically exfoliated BPNSs using PDMS solid transfer and 
a layer of aluminum via electron beam evaporation.[106] A SiO2/
BPNS/SiO2 heterostructure was obtained through the PDMS 
transfer of BPNSs onto the Si/SiO2 surface, and another layer 
of SiO2 was sputtered over the entire sample.[107] In another 
method, a BPNS/MoS2-based van der Waals heterojunction was 
constructed by CVD.[108] Another van der Waals heterojunction 
was constructed using the CVD of MoS2 on a SiO2/p+-doped Si 
substrate, and then mechanically exfoliated BPNSs were trans-
ferred onto the MoS2 layer.[109] Apart from these techniques, 
several other methods have been used for the preparation of 
van der Waals heterostructures. For example, a BPNS/TiO2/
graphene hybrid hydrogel was prepared by dip-coating liquid 
exfoliated BPNSs onto a preprepared 3D TiO2–graphene com-
posite hydrogel.[110] Compared to other heterostructures, BPNS-
based heterostructures need to be constructed in a glovebox to 
avoid oxidizing the BPNSs during processing.[111]

BPNS heterostructures can also be formed by electrostati-
cally assembling BPNSs with other 2D materials that have an 
opposite zeta potential in solvents. For example, numerous 
BPNS-based heterostructures have been constructed by elec-
trostatically assembling BPNSs with other 2D materials such 
as bismuth vanadate (BiVO4),[112] graphitic carbon nitride 
(g-C3N4),[113] and MXene.[114] Ideally, highly ordered heterostruc-
tures can be obtained through the layer-by-layer assembly of 
differently charged nanosheets via electrostatic interactions. 
However, this is highly challenging owing to the poor solubility 
of heterostructures in various solvents.

Similar to BPNSs,[38] BPNS-based heterostructures can also 
be characterized by commonly used techniques such as Raman 
spectroscopy, transmission electron microscopy (TEM), atomic 
force microscopy (AFM), optical microscopy (OM), X-ray photo
electron spectroscopy (XPS), fluorescence (FL) spectroscopy, 
and X-ray diffraction (XRD). For example, the encapsulation 
of few-layer BPNSs using h-BN leads to a dramatic decline in 
the line width of the Raman bands of BPNSs because of the 
reduced phonon scattering rate.[115,116] A chemically crosslinked 
3D structure of a BPNS–CNT hybrid was characterized using 
field emission scanning electron microscopy (FESEM) and 
TEM analysis.[85] The images showed that CNTs were inter-
spersed and dispersed uniformly both on the surface and 
inside of the BPNSs, yielding a 3D interconnected BPNS–CNT 
heterostructure. Both the P2p and C1s spectra in the XPS meas-
urements showed the presence of peaks corresponding to PC 
and POC bonds, indicating covalent bonds between the 
BPNSs and CNTs. However, with the currently available charac-
terization techniques, it is still very challenging to provide solid 

evidence on the covalent linkage of BPNS-based heterostruc-
tures and determine the exact structures.

3. Optical and Electronic Properties of BPNS-
Based Heterostructures
Their extremely tunable bandgap covering infrared up to vis-
ible frequencies[52] (Figure 1a), highly anisotropic electronic 
dispersion,[117] optical properties[118] (Figure  1b,c), and optimal 
surface-to-volume ratio render BPNSs a promising material for 
several electronic and optoelectronic devices, such as transis-
tors, gas sensors, and photodetectors.[119] The in-plane anisot-
ropy of BPNSs provides new opportunities for novel electronic, 
photonic, and thermoelectric devices. The high (anisotropic) 
carrier mobilities and large on/off ratios at room temperature 
make BPNSs an excellent material for transistors, superior to 
graphene, which has a poor on/off ratio, and TMDs, which 
have low mobilities.[120]

Their remarkable optical and electronic properties lift BPNSs 
out of the shadow of graphene and TMDs. However, BPNSs 
undergo oxidization under ambient conditions. To overcome 
this obstacle to most technological applications, BPNSs can be 
protected by stacking other 2D materials on top, such as h-BN, 
graphene, or TMD monolayers. The layers within the 2D hetero
structures are weakly bound via van der Waals interactions, 
preserving the properties of every single layer to a large extent. 
Protection from degradation is not the only motivation behind 
these BPNS-based van der Waals heterostructures. The vertical 
stacking of different 2D materials can also result in new func-
tionalities that may be favorable for specific device applications. 
In contrast to van der Waals heterostructures, covalent bond 
formation on BPNSs has a p-doping effect because the electron 
pairs of phosphorus atoms are utilized for bond formation. It 
has also been reported that PP bond breakage can occur in 
BPNSs as a result of nucleophilic substitution,[80] which can 
significantly change the electronic band structure. The optical 
properties of BPNS-based heterostructures are determined by 
the electronic band structure of these materials. The latter is 
very sensitive to the strength of interlayer coupling and hybridi-
zation. However, in the case of the noncovalent approach, the 
band structure of single layers remains unchanged to a con-
siderable extent, preserving the optical properties of BPNSs. In 
the case of covalent functionalization, qualitative changes in the 
band structure and optical response of BPNS heterostructures 
are expected. Therefore, a delicate control of the degree of func-
tionalization is normally required.

While there are many different BPNS-based heterostruc-
tures, herein, we focus on the optical and electronic properties 
of heterostructures consisting of BPNSs and different TMD 
(tungsten- and molybdenum-based) monolayers, graphene, 
and h-BN.

3.1. BPNS/TMD Heterostructures

The main building blocks for many optoelectronic devices are 
p–n junctions. In conventional semiconductors, p–n homojunc-
tions are formed by chemical doping, while p–n heterojunctions 
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can be created by growing an n-type semiconductor on a p-type 
semiconductor. Recently, an electrically tunable p–n heterojunc-
tion was developed based on few-layer BPNS/MoS2 and BPNS/
WS2 van der Waals heterostructures using a PMMA-assisted 
liquid transfer method.[121] A type-II band alignment (staggered 
gap) was found for a BPNS/MoS2 heterostructure with a band 
offset of 0.8  eV, which is comparable to the exciton binding 
energy. In contrast, BPNS–WS2 is characterized by a type-I 
band alignment (straddling gap) owing to the larger bandgap of 
the WS2 monolayer. Note that the band offset in a BPNS/TMD 
heterostructure can be considerably tuned by applying an 
external electric field.[122]

Characterization of the optical properties of BPNS/TMD 
heterostructures showed the drastic quenching of MoS2 and 
WS2 photoemissions (Figure  1d). Quenching is explained by 
an appearing built-in electric field that separates the Coulomb-
bound electron–hole pairs, giving rise to a considerable reduc-
tion in the radiative recombination of excitons. Furthermore, a 
small blue shift of the MoS2 and WS2 resonances was observed, 
which is ascribed to the reduction of the bandgap within the 

heterostructure. The emission of the few-layer BPNSs was 
expected at 0.3 meV and could not be resolved in the performed 
experiments. In another study, BPNSs, p-doped narrow-
bandgap semiconductors, were combined with MoS2 (as a large 
bandgap n-type semiconductor) to realize vertical van der Waals 
heterostructures simultaneously exhibiting very high rectifying 
(approaching 106) and on/off ratios (up to 107).[108]

3.2. BPNS/Graphene Heterostructures

Graphene can protect BPNSs from structural and chemical 
degradation through surface passivation and serve as an active 
layer for improving the contact of BPNSs with metal elec-
trodes. Technologically important properties, such as direct 
bandgaps and in-plane anisotropy, have been shown to remain 
unchanged within the heterostructure.[123] First-principle cal-
culations of the band structure resolving orbital contributions 
from BPNSs and graphene indicate that both the Dirac cone 
of graphene and the direct bandgap of BPNSs were preserved 

Figure 1.  Optical properties of pristine BPNSs and BPNS/TMD heterostructures. a) Photoluminescence spectrum for mono-, bi-, tri-, and quadralayer 
BP samples. Reproduced with permission.[52] Copyright 2020, American Physical Society. b) The polarization-resolved photoluminescence spectrum of 
pristine BPNSs at room temperature shows a strong anisotropy of the emission, and c) photoluminescence peak intensity as a function of polarization 
detection angle. Reproduced with permission.[118] Copyright 2015, Springer Nature. d) The photoluminescence spectrum of BPNS/MoS2 heterostructure 
exhibits a stronger quenching than the emission of MoS2. Reproduced with permission.[121] Copyright 2015, American Chemical Society.
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(Figure 2a). A small bandgap opening of ≈1 meV was predicted 
due to the interruption of the structural symmetry in the het-
erostructure. Furthermore, by tuning the distance between the 
graphene and BPNSs, the Schottky barrier can be optimized for 
optoelectronic applications.[124] The Dirac point shifts from the 
conduction to the valence band (VB) of BPNSs as the interlayer 
distance is reduced from 0.45 to 0.28 nm, giving rise to a transi-
tion from an n-type to a p-type Schottky contact at the interface.

3.3. BPNS/h-BN Heterostructures

In addition to structural instability under ambient conditions, 
the decrease in the bandgap in BP stacks limits the quantum 
efficiency of BP-based devices because only monolayers can be 
used for near-infrared (NIR) optoelectronic applications. Con-
stantinescu and Hine suggested that stacking monolayer BPNSs 
with h-BN, a large bandgap insulator can solve both problems 
simultaneously.[125] BPNSs were protected from degradation by 
h-BN encapsulation, resulting in a larger absorption efficiency 
without changing the bandgap of the BPNSs. The h-BN layer 
increased the separation of the BPNS layers and decreased their 
interlayer coupling. As a result, bilayer BPNSs behaved like a 
stack of two almost noninteracting BP monolayers, that is, the 
single-layer BP and the BPNS/h-BN/BPNS heterostructure 
showed a similar band structure; in particular, there was no sig-
nificant decrease in the bandgap, as expected from a BP bilayer 
(Figure  2b–e). At the same time, the absorption efficiency can 
be significantly increased owing to the thick h-BN spaced BP 
multilayers. Furthermore, encapsulation with h-BN was shown 
to lead to a high on/off ratio exceeding 105 and a considerably 

increased mobility value of up to 4 × 103 cm2 V−1 s−1 at low tem-
peratures.[126] In another study, the passivation of BPNSs with 
atomically thin graphene and h-BN was investigated, demon-
strating that the passivation preserved the pristine BP crystal 
structure under ambient conditions and concurrently enhanced 
the electron transport properties.[98] An in situ comparison of 
the transport properties of passivated and exposed areas of 
the same exfoliated BPNSs showed highly improved electron 
mobility (10–100-fold) for the passivated BPNSs and sym-
metrical electron and hole transconductance characteristics. A 
recent study investigated the impact of h-BN encapsulation on 
the structural and vibrational properties of few-layer BPNSs.[116] 
The encapsulation was found to flatten the puckered lattice 
structure of BPNSs by imposing a biaxial strain.

Overall, the optical and electronic properties of BPNSs and 
BPNS-based heterostructures have been well studied in recent 
years. However, while in the field of TMD- and graphene-
based homo- and heterobilayers,[127–129] moiré exciton features 
resulting from misaligned monolayer lattices have moved into 
the focus of research, the impact of the moiré pattern on the 
optical and electronic properties of BPNS-based heterostruc-
tures has yet to be revealed.[130]

4. Applications of BPNS-Based Heterostructures

4.1. Electronic and Optoelectronic Applications

As discussed in the previous sections, BPNSs and BPNS-
based heterostructures possess numerous remarkable prop-
erties including extremely tunable electronic bandgaps, 

Figure 2.  Change of the electronic band structure in BPNS/graphene and BPNS/h-BN heterostructures. a) The orbital-decomposed band structure 
of BPNS/graphene illustrates that the Dirac cone from graphene and the bandgap of BPNSs remain unchanged. Reproduced with permission.[123] 
Copyright 2015, American Chemical Society. Band structure of b) BP monolayer and c) BP bilayer shows a significant bandgap reduction. d) The band 
structure of the BPNS/h-BN/BPNS heterostructure reveals that the h-BN-spacer suppresses the bandgap reduction, and e) sketch of the BPNS/h-BN/
BPNS stack. Reproduced with permission.[125] Copyright 2015, American Chemical Society.
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highly anisotropic electronic and optical properties, and high 
carrier mobilities and on/off ratios, which make them promi
sing materials for several technological applications, such as 
photodetectors, transistors, and gas sensors. The following sec-
tions contain a brief overview of the current status of selected 
applications based on BPNS/graphene, BPNS/h-BN, BPNS/
TMD, and other BPNS-based heterostructures.

4.1.1. Transistors

While graphene shows extremely high carrier mobilities, it 
exhibits very low on/off ratios owing to the lack of a bandgap. 
The TMDs exhibit high on/off ratios but possess relatively 
low carrier mobilities. In contrast, BPNSs possess both high 
mobilities and on/off ratios; therefore, they are suitable for 
applications in transistors. In 2014, the first field-effect tran-
sistor based on few-layer BPNSs with a thickness of just a few 
nanometers was fabricated.[120] A drain current adjustment of 
up to 105 and mobility of 1 × 103 cm2 V−1 s−1 were observed at 
room temperature, which is limited by electron–phonon scat-
tering. These values surpassed those of a field-effect transistor 
based on few-layer BPNSs encapsulated in h-BN.[131] The field-
effect transistor was characterized by remarkably high hole 
mobility of 5.2 × 103 cm2 V−1 s−1 at room temperature and 
even 4.5 × 104 cm2 V−1 s−1 at cryogenic temperatures. In the 
same year, a vertical field-effect transistor was reported based 
on a BPNS/graphene heterostructure, in which graphene was 
used as the bottom electrode to investigate out-of-plane charge 
transport in BPNSs.[132] The desired high on/off ratio values 
were shown to be limited by high off-currents owing to ther-
mionic emission or tunneling through the graphene/BPNS 
Schottky barrier at high and low temperatures, respectively. 
Furthermore, field-effect transistors consisting of BPNS/h-BN/
MoS2 heterostructures were reported to operate as nonvolatile 
memory devices, where BPNSs act as a channel layer, while 
h-BN and MoS2 serve as tunnel barriers and charge trapping 
layers, respectively.[101] The device showed a memory window as 
high as ≈60 V at a maximum control gate voltage of 40 V, which 
can be further regulated by varying the maximum control gate 
voltage. Recently, Kim et  al. fabricated a BP heterojunction 

tunnel field-effect transistor (BP-HJ-TFET) with a monolayer 
hexagonal boron nitride tunnel barrier for drain contact.[133] 
The BP-HJ-TFET showed a remarkable average subthreshold 
swing over four decades of current (SSave_4 dec) of 37.6 mV dec−1 
at 300 K and high current of 19.5 µA µm−1 at a subthreshold 
swing of 60 mV dec−1 (I60), providing a potential route for the 
development of ultrafast low power logic circuits.

In brief, BPNSs have optimal properties for realizing high-
efficiency transistors. Building van der Waals heterostructures 
with other 2D materials, such as graphene or h-BN, can prevent 
the degradation of BPNSs and stabilize them in ambient condi-
tions for high-performance transistors.[134–144]

4.1.2. Photodetectors

BPNSs cover wide spectra ranging from visible to NIR and 
exhibit high carrier mobilities as well as a direct bandgap, 
resulting in efficient light absorption and low dark currents. 
These characteristics make BPNSs optimal candidates for 
highly efficient photodetectors. In 2015, a multilayer BPNS-
based infrared photodetector integrated on a silicon photonic 
waveguide was demonstrated using few-layer graphene as the 
top-gate electrode (Figure 3a).[145] The photodetector was char-
acterized by high responsivity (up to 135 mA W−1) and low dark 
currents (only 220 nA) when gating BPNSs to low doping. The 
generated photocurrent was dominated by the photovoltaic 
effect in this system.

A photodetector based on a BPNS/graphene heterostructure 
operating in the NIR range and exhibiting an ultrahigh respon-
sivity was recently reported.[146] Here, graphene acts as an encap-
sulation layer, improving the ambient stability of BPNSs. At the 
same time, it also serves as a highly efficient transport layer, 
which significantly reduces the Schottky barrier between the 
BPNSs and the metal electrodes, resulting in efficient photo-
current generation. The detector exhibited long-term stability, a 
high photoresponsivity of up to 3.3 × 103 A W−1 at 1550 nm, and 
a polarization-dependent photocurrent response. Furthermore, 
a broadband photodetector with a high polarization sensitivity 
based on BPNS/WSe2 heterostructures was also demonstrated 
(Figure 3b).[99] Here, BPNSs acted as the photogate, while WSe2 

BP 

WSe2 

Figure 3.  Schematic illustration of photodetector devices based on a) a BPNS/graphene heterostructure. Reproduced with permission.[145] Copyright 
2015, Springer Nature. b) A BPNS/WSe2 heterostructure. Reproduced with permission.[99] Copyright 2017, Elsevier. c) A BPNS/MoS2 heterostructure. 
Reproduced with permission.[109] Copyright 2014, American Chemical Society.
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was the conductive channel. The optically excited charge car-
riers were divided by the built-in field created in the BPNS/
WSe2 heterostructure, which also efficiently reduced their radi-
ative recombination. A photoresponsivity of up to 103 and 5 × 
10−1 A W−1 was measured for visible and infrared light, respec-
tively. Broadband photodetectors have also been demonstrated 
based on BPNS/MoS2 heterostructures,[97,109,147] in which p-type 
BPNSs and n-type MoS2 constitute an atomically sharp p–n 
junction (Figure  3c). Furthermore, BPNS/InSe[96] and perov-
skite/BPNS/MoS2 heterostructures[148] have recently been devel-
oped to design broadband polarization-sensitive photodetectors 
characterized by fast response time and high responsivity. The 
photodetector device using a perovskite/BPNS/MoS2 hetero-
structure includes a vertically stacked BPNS/MoS2 photodiode 
modified with a perovskite layer on the top, operated under 
reverse or zero bias conditions based on photovoltaic and pho-
togating mechanisms. Interestingly, the devices also showed 
impressive photovoltaic power conversion with a maximum 
external quantum efficiency of ≈80%, demonstrating their 
potential in both high-performance photodetection and effi-
cient light energy harvesting devices.

In general, in addition to enhancing the stability of BPNS-
based devices, BPNS-based heterostructures are beneficial 
because they enable electrically tunable p–n heterojunctions 
to be realized, facilitating the separation of photocarriers and 
improving the efficiency of photodetectors.[149]

4.1.3. Sensors

The optimal surface-to-volume ratio of 2D materials renders 
them promising candidates for gas sensing because molecules 
can considerably change the electronic and optical properties of 
2D materials.[150,151] DFT calculations showed that CO, H2, H2O, 
and NH3 molecules act as electron donors, while NO, NO2, and 

O2 operate as electron acceptors when adsorbed on the surface 
of BP monolayers.[152] NO2 was predicted to show the strongest 
interaction with BPNSs owing to efficient orbital hybridization. 
This was experimentally demonstrated by exposing BPNSs 
to different gases and measuring the change in the electrical 
resistance.[153,154]

A NO2 chemical sensor based on few-layer BPNS/MoSe2 
heterostructures was developed,[155] exhibiting a very low detec-
tion limit and a much larger sensitivity compared to the pris-
tine BPNS-based gas sensors (Figure 4a). This sensor was 
based on a new mechanism in which the band alignment at 
the BPNS/MoSe2 interface sensitively changes upon exposure 
to NO2. The detection limit in terms of NO2 gas concentra-
tion was found to be 10 parts per billion (ppb), which is much 
lower than both MoSe2- and BPNS-based sensors, which have a 
detection limit of 60 and 200 ppb, respectively (Figure 4b). Fur-
thermore, compared with MoSe2- and BPNS-based sensors, the 
sensitivity of the BPNS/MoSe2 heterostructure-based sensor is 
one order of magnitude higher. Interestingly, the difference in 
sensitivity becomes smaller compared to that of MoSe2 sensors 
when the gas concentration increases, which might be due to 
the Schottky diode behavior of both sensors at high concentra-
tions. In another study, a highly sensitive NO2 sensor was fab-
ricated based on a field-effect transistor with few-layer BPNSs, 
h-BN, and MoS2 acting as the top-gate, dielectric layer, and 
conduction channel material, respectively. Here, BPNSs serve 
as the sensing material, exploiting its excellent gas adsorption 
capability. The MoS2 conduction channel is isolated from the 
ambient environment by being covered with h-BN. The sensing 
mechanism is based on the charge transfer following the 
adsorption of NO2 molecules on the gate material and changes 
in the resistance of the conduction channel material. The 
sensor showed a detection limit of 3.3 ppb.[157] Recently, Kim 
and co-workers constructed a heterostructure of BPNSs and 
holey few-layer graphene oxide (≈6.7 nm thick) membranes.[158] 

Figure 4.  a) Schematic illustration of a photodetector device based on a BPNS/MoSe2 heterostructure. b) Response of the heterostructure device 
compared with MoSe2- and BPNS-based devices as a function of gas concentrations. The intersection with the horizontal threshold line (blue dashed) 
corresponds to the detection limit of the device. Reproduced with permission.[155] Copyright 2016, IOP Publishing. c) Schematic illustration of BP before 
sodiation, with the first step of sodium-ion intercalation, and the second step of alloy reaction in sodium-ion batteries. d) Structural evolution of the 
BP/graphene heterostructure during sodiation. Reproduced with permission.[156] Copyright 2015, Springer Nature.
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The ultrathin membranes acted as a multifunctional breathable 
passivation layer, shielding the BPNSs from oxidative degra-
dation and allowing the selective diffusion of NO2 molecules 
toward the underlying BPNSs. The heterostructure exhibited 
significantly enhanced NO2 sensing performance under humid 
conditions with a rapid sensing response and excellent stability.

In short, BPNS-based heterostructures offer a high surface-
to-volume ratio as well as a new highly sensitive detection 
mechanism for gases owing to the molecule-induced band 
alignment variation.

4.2. Energy Storage Devices

Because of its puckered lattice structure, BP exhibits a larger 
interlayer spacing than graphite, allowing the intercalation of 
larger ions, which makes BPNSs promising for energy storage 
applications, including sodium-ion and lithium-ion batteries 
and supercapacitors.[56] Since 2007, BP–carbon composites have 
been used as anode materials in lithium-ion batteries and have 
shown improved charge capacity and first cycle efficiency com-
pared to conventional graphite anode materials.[159] This concept 
was further improved by Sun et al.[84] BPNSs were also shown 
to improve the immobilization of sulfur, prolonging the cycle 
life of lithium-sulfur batteries. Furthermore, the addition of 
BPNSs to the cathode matrix remarkably accelerates the redox 
reactions for fast charging and discharging.[160] However, it was 
observed that during the charge/discharge processes, 2D crystal 
structures were destroyed as a result of huge volume changes, 
followed by a decrease of the electrical conductivity. During 
intercalation, phosphorus forms Li3P and Na3P, leading to a 
higher specific capacity, but a huge volume change resulted in 
the pulverization of the BPNSs after the first charge/discharge 
step. This problem can be resolved by constructing heterostruc-
tures with other 2D materials, as this can improve the interlayer 
distance and charge transfer properties via surface modifica-
tion. For example, a heterostructure constructed by coating 
BPNSs onto a 3D porous graphene/TiO2 composite hydrogel 
exhibited high electrochemical performance as an anode mate-
rial for lithium-ion batteries.[110] The heterostructure showed an 
initial discharge capacity of 1336.1 mA h g−1 at 0.2 A g−1, a rate 
capability of 271.1 mA h g−1 at 5.0 A g−1, and a good cycling life 
of 502 mA h g−1 over 180 cycles at a potential window near 3.0 V. 
The heterostructure benefitted from the reduced restacking of 
2D nanosheets, improved interfacial charge storage and con-
ductivity, shortened diffusion pathways, and suppressed volume 
changes during charge/discharge processes. Furthermore, Sun 
et  al. fabricated a few-layer BPNS/graphene heterostructure 
to obtain high capacity and stable cyclability in sodium-ion 
batteries (Figure  4c,d).[156] Here, BPNSs facilitate a short dif-
fusion path for sodium ions, while graphene acts as an elec-
trical highway and mechanical backbone by providing an elastic 
buffer to accommodate the anisotropic expansion of the BPNS 
layers during sodiation. Recently, heterostructures consisting 
of BPNSs and MXenes have also been employed as anode 
materials for batteries.[114,161,162] For example, a BPNS/Ti3C2 
MXene heterostructure with stable fluorinated interphase was 
demonstrated as an efficient anode material for sodium storage 
batteries. The heterostructure facilitates the migration of both 

electron and sodium ions and buffers the volume change of 
BPNSs during charge/discharge cycles. A reversible capacity of 
535 mA h g−1 at 0.1 A g−1 and capacity (343 mA h g−1 at 1 A g−1)  
retention of 87% over 1000 cycles was accomplished. Addi-
tionally, composites of BPNSs with carbon nanotubes,[163] gra-
phene,[164,165] graphite,[84] graphite oxide,[84] carbon black,[84] and 
fullerene[84] were also studied for their superior electrochemical 
performances in batteries.

Compared to batteries, supercapacitors possess multiple 
advantages such as high power density, fast charge/discharge 
processes, and long cycle life.[166,167] To further enhance the capac-
itance performance, considerable attention should be paid to 
increasing conductivity and preventing the restacking of BPNSs. 
For example, a heterostructure of BPNSs chemically bridged to 
carbon nanotubes was demonstrated.[86] The heterostructure 
was then assembled into nonwoven fiber fabrics and used as 
electrode materials for flexible supercapacitors (Figure 5a).  
The supercapacitor, which was based on a mixture of CNTs 
and BPNSs that were chemically bonded to CNTs (CNT/BPNS–
CNT), showed remarkable performance with an energy density 
of 96.5 mW h cm−3, a volumetric capacitance of 308.7 F cm−3, 
and 90.2% retention of the initial capacitance after 10 000 cycles, 
which was better than that of CNTs and a physical mixture of 
BPNSs and CNTs (BPNS/CNT) (Figure  5b). The performance 
was ascribed to the open layered structure of the BPNS/CNT 
heterostructure in addition to the lamellar electron conduction, 
mechanical stability, improved ionic pathways, and redox activity 
(Figure 5c,d). In another report, a single elemental heterostruc-
ture was constructed by combining BP and red phosphorus 
(RP) with excellent interfacial contact.[168] The BP/RP hetero-
structure exhibited improved electrochemical performance as 
electrode materials for both lithium-ion batteries and superca-
pacitors. From the recent progress, it is clear that the synthesis 
of BPNS-based heterostructures with suitable 2D materials 
holds great potential in improving the electrochemical perfor-
mance in both batteries and supercapacitors by suppressing the 
volume change during the charge/discharge process, improving 
the interfacial charge transfer and storage, and enhancing elec-
trical conductivity. In particular, building macroscopic (e.g., on 
3D templates) and/or microscopic (e.g., crosslinking) 3D BPNS-
based heterostructures is highly compelling for applications in 
high-performance energy storage devices.

4.3. Photocatalytic Applications

Owing to their tunable direct bandgap, superior charge car-
rier mobility, large specific surface area, and a wide range of 
absorption from the visible to NIR region, BPNSs possess 
huge potential for use as metal-free photocatalysts.[70,169] Upon 
irradiation, BPNSs absorb photons with energies larger than 
or equal to their bandgap to form a photoexcited electron–hole 
pair.[170] Then, the excited electron–hole pair migrates to the sur-
face of the photocatalyst and reduces or oxidizes the adsorbed 
substances at the interface. Although BPNSs are associated 
with favorable properties, considerable efforts have been made 
to overcome these drawbacks and enhance the photocatalytic 
activity by attaining long-lived electron–hole pairs via suppressed 
photoinduced charge carrier recombination, enhanced carrier 
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mobility, optimized surface morphology for electron transfer, 
and improved ambient stability. Among the different function-
alization strategies, the formation of heterostructures with suit-
able 2D materials is a promising way to engineer the optical and 
electronic properties of BPNSs. This section discusses BPNS-
based heterostructures with improved photocatalytic activity 
toward hydrogen production, hydrogenation and oxidation reac-
tions, and the removal of environmental pollutants.

Since the first report of H2 production through photoelec-
trochemical water splitting using a TiO2 catalyst,[171] the HER 
from water has been regarded as a promising method for trans-
forming solar energy into chemical energy.[172] For complete 
water splitting reaction, the photocatalyst should have a more 

negative conduction band minimum (CBM) than the redox 
potential of H+/H2 (0 V vs normal hydrogen electrode (NHE)) 
and a more positive valence band maximum (VBM) than the 
redox potential of O2/H2O (1.23  V vs NHE), with a bandgap 
>1.23  eV.[170]  Theoretical calculations indicate that BPNSs 
can be used for photocatalytic HER, but not for OER. The 
main challenge in pure 2D material photocatalysts is the fast 
charge recombination and thus poor performance. To this 
end, a heterostructure BPNS/g-C3N4 with a P–N coordinated 
interfacial interaction was synthesized by stirring BPNSs and 
g-C3N4 in N-methyl-2-pyrrolidone (NMP).[173] Compared with 
pure BPNSs and g-C3N4, an optimal BPNSs:g-C3N4 ratio of 1:4 
showed a higher H2 evolution rate of 427  µmol g−1 h−1 using 

Figure 5.  a) Schematic illustration of the flexible supercapacitor. b) Energy density of the supercapacitor based on a heterostructure of BPNSs  
chemically bridged to carbon nanotubes compared with that of other electrode-based supercapacitors (BP, CNTs/rGO, MXene/rGO, and  
MoS2–rGO/MWCNT). c) Charge distribution in three kinds of electrodes. d) Fine distribution of ions in three kinds of electrodes. Reproduced with 
permission.[86] Copyright 2018, Springer Nature.
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visible light (>420 nm) irradiation (Figure 6a,b). After repeated 
catalytic cycles followed by storage for two weeks, the hetero-
structure exhibited similar performance, indicating good photo-
catalyst stability. Owing to the broad absorption from the visible 
to NIR region, the heterostructure exhibited NIR light-driven 
photocatalytic activity (H2 evolution rate of 101  µmol g−1 h−1) 
using >780 nm light irradiation. Furthermore, the mechanism 
of photocatalytic activity was studied using various steady-state 
and time-resolved techniques. In the heterostructure, BPNSs 
act as an acceptor for electrons from the initially excited g-C3N4, 
which gives electrons to the conduction band (CB) of the 
BPNSs. Such electrons are trapped by the PN coordination 
bond at the interface of the BPNSs and g-C3N4, leading to a long 
average lifetime for electrons and thus efficient H2 generation 
(Figure 6c). Similarly, Ma and co-workers synthesized a 2D/2D 
heterojunction of BPNS/g-C3N4 by assembling them in isopro-
panol and investigated their photocatalytic H2 evolution perfor-
mance.[113] Under λ  > 420  nm light irradiation, BPNS/g-C3N4 
showed a H2 evolution rate of 384. 17  µmol g−1 h−1, which is 
about 7 and 4.5 orders of magnitude higher than that of pristine 
BPNSs and g-C3N4, respectively. The improved photocatalytic 
performance of BPNS/g-C3N4 compared to bare 2D nanosheets 
is ascribed to the suppressed charge recombination in g-C3N4, 
as the excited electrons in the CB of g-C3N4 can be effectively 
transferred to BPNSs, which was exhibited by electrochemical 
impedance spectroscopy, transient photocurrent responses, and 
time-resolved photoluminescence studies. Qiao and co-workers 
reported a 2D/2D van der Waals heterojunction of BPNS/g-C3N4 
nanosheets constructed through physical mixing at room tem-

perature.[174] The heterojunction formed with an optimal con-
tent of 1.8 wt% BPNSs showed an enhanced photocatalytic 
hydrogen production activity of 571  µmol g−1 h−1, which is 
even higher than that of Pt-loaded g-C3N4 under identical con-
ditions. The remarkable photocatalytic activity was due to the 
high efficiency interfacial charge transfer between the BPNSs 
and g-C3N4 layers and the modified electronic structure of the 
BPNSs. Lu and co-workers constructed a Z-scheme (the step-
wise charge transfer mechanism in natural photosynthesis) 
heterojunction of BPNS/monolayer Bi2WO6 (MBWO) by deco-
rating the surface of BPNSs with MBWO for photocatalytic H2 
production and the treatment of environmental pollution.[175] 
The 12 wt% BPNS:MBWO hybrid exhibited an enhanced 
photocatalytic performance in water splitting with the highest 
H2 evolution rate of 21  042  µmol g−1, which is 9.15 orders of 
magnitude higher than that of the pristine MBWO. The hetero
structure also showed remarkable photocatalytic activity for NO 
removal to purify air, and the NO removal ratio was as high as 
67%, which is 2.6 times higher than that of pure MBWO. More-
over, a study on selectivity over other toxic gases could help 
achieve the full potential of the material, but the literature does 
not provide such details.

Developing stable and efficient photocatalysts for overall 
water splitting to H2 and O2, excluding sacrificial reagents and 
external bias under visible light, is highly desirable. As the het-
erostructures combine the individual properties of different 
2D materials, assembling 2D materials with water oxidation 
and reduction properties has received considerable attention 
as a means to obtain simultaneous water splitting to H2 and 

Figure 6.  a) Photocatalytic H2 evolution from water containing methanol (20 vol%) on different catalysts under visible light (>420 nm) irradiation.  
b) Effect of the BPNSs:CN ratio in the BPNS/CN heterostructure on the photocatalytic H2 evolution rate under visible light irradiation for 3 h.  
c) Schematic diagram for the photocatalytic H2 evolution using BPNS/CN. Reproduced with permission.[173] Copyright 2017, American Chemical Society.  
d) HER polarization curves of BPNSs, BPNS/Co2P heterostructure, and Pt/C in 0.5 m H2SO4 and 1.0 m KOH. e) OER polarization curves of BPNSs, 
BPNS/Co2P heterostructure, and RuO2 in 1.0 m KOH. f) Schematic diagram of the overall water splitting using BPNS/Co2P heterostructure. Reproduced 
with permission.[183] Copyright 2018, Wiley-VCH.
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O2 using solar energy. In this regard, Majima and co-workers 
constructed a Z-scheme heterostructure combining BPNSs 
and bismuth vanadate (BiVO4), acting as H2 and O2 production 
photocatalysts, respectively.[112] Upon photoexcitation, the photo-
generated electrons in the CB of BiVO4 rapidly recombined 
with the photogenerated holes in the VB of the BPNSs owing to 
their close band positions. Thus, the photogenerated electrons 
in the CB of the BPNSs spurred a reduction reaction, and the 
photogenerated holes in the VB of BiVO4 sparked an oxidation 
reaction. In a similar photocatalytic charge transfer mechanism 
to photocatalytic hydrogen production, solar-driven photocata-
lytic reactions convert solar energy into chemical products, 
providing a promising approach to addressing the future energy 
crisis.[81,176–180] For example, Yu and co-workers prepared a novel 
semiconductor–metal heterostructure comprising BPNSs and 
ultrasmall Pt nanoparticles for photocatalytic hydrogenation 
and oxidation reactions.[81] The BPNS/Pt heterostructure exhib-
ited a broad solar light absorption extending into the infrared 
region, efficient electron transfer with an ultrafast electron 
migration time of 0.11  ps, and further accumulation of photo-
generated electrons on the ultrasmall Pt nanoparticles. These 
unique properties resulted in an extraordinary photocatalytic 
performance of BPNS/Pt in the hydrogenation of styrene and 
oxidation of benzyl alcohol. In short, heterostructures of BPNSs 
with other 2D materials further improve the photocatalytic 
activity of BPNSs owing to the reduced electron–hole recombi-
nation as a result of improved carrier mobility, effective charge 
transfer at the interface, and enhanced ambient stability.[181] Fur-
ther studies on the charge transport and transfer mechanism 
in BPNS-based heterostructures can enable the design of more 
efficient photocatalysts in the future.[182]

4.4. Electrocatalytic Applications

The electrocatalytic conversion of water into H2 and O2 has 
attracted widespread attention because of its high energy con-
version efficiency and negligible environmental pollution.[184,185] 
The fabrication of efficient electrocatalysts for both HER and 
OER is required to facilitate an effective conversion. At pre-
sent, the most effective catalysts for HER and OER are Pt-group 
metals and Ir/Ru-based compounds, respectively.[186–188] How-
ever, the high cost and lack of noble metal resources limit their 
practical applications. Owing to their large specific surface area 
with fully exposed surface atoms, long charge-carrier diffusion 
paths, higher charge carrier mobility, and active lone pairs, 
BPNSs are considered to be potential electrocatalysts for HER 
and OER.[189,190] The catalytic performance of BPNSs can be fur-
ther improved by building BPNS-based heterostructures that 
provide numerous active sites (other electrocatalysts, electrons 
on the surface, or defects generated at the edges), high electrical 
conductivity, and efficient electron transfer. Yu and co-workers 
reported in-plane BPNS/Co2P heterostructures formed via a 
solvothermal process for electrocatalysis.[183] Co2P nanocrystals 
were selectively grown on the BPNS edges occupying the defects 
and provided effective electrocatalytic sites that improve elec-
trocatalytic activities. The BPNS/Co2P heterostructure showed 
superior HER performance with onset overpotentials of 105 and 
173 mV in 0.5 m H2SO4 and 1.0 m KOH electrolytes, respectively 

(Figure 6d). Furthermore, the OER activity of BPNS/Co2P was 
evaluated in 1.0 m KOH and showed a lower overpotential at 
300 mV (Figure 6e) and a smaller Tafel slope of 78 mV dec−1, 
indicating the efficient OER activity of BPNS/Co2P. In addition, 
a device with a two-electrode configuration was fabricated with 
BPNS/Co2P as both the cathode and the anode for the overall 
water splitting reaction in 1.0 m KOH (Figure 6f). At 1.92 V, a 
current density of 10  mA cm−2 was obtained for the electrode 
system in the polarization curve, demonstrating its potential as 
a water-splitting catalyst. In another report, Xu and co-workers 
fabricated a heterostructure forming a PC covalent bond by 
ball milling activated graphene (AG) and BPNSs for supporting 
Ni3N particles in the application of OER.[82] The Ni3N/BP–AG 
heterostructure exhibited an OER performance with an overpo-
tential of 233 mV at a current density of 10 mA cm−2 and a Tafel 
slope of 42 mV dec−1. The catalysts also showed good stability, 
as the initial current density remained over 86.4% after meas-
uring for 104 s. Moreover, the Ni3N/BP–AG heterostructure 
also exhibited better electrocatalytic OER performance than the 
commercial Ru- and Ir-based catalysts.

To enhance the ambient stability and explore the intrinsic 
catalytic activity of BPNSs, Dai and co-workers constructed a 
metal-free heterostructure electrostatically combining BPNSs 
and higher Fermi level N-doped graphene (NG).[189] The hetero-
structure acted as a bifunctional catalyst for overall water split-
ting and showed a remarkably low cell voltage of 1.54 V at a cur-
rent density of 10 mA cm−2 in an optimized electrolyzer. From 
the combined theoretical and experimental results, it was con-
ceived that electronic interactions at the heterointerface should 
lead to electron transfer from NG to BPNSs (low Fermi level). 
As a result, electrons accumulate over the surface of the BPNSs 
and act as active sites that stabilize the adsorbed H of HER in 
the heterostructure. The interfacial charge transfer also induces 
charge relocation and positively charged carbon sites across 
the interface, facilitating the adsorption of OER intermediates. 
Among the 2D materials, MoS2-based electrocatalysts have 
attracted considerable attention owing to their large number 
of active sites at the edges.[191,192] Unfortunately, MoS2 has a 
lower intrinsic exchange current density, which is another key 
factor for HER activity and can be improved by accumulating 
electrons on MoS2 catalysts. Zeng and co-workers constructed 
a heterostructure by depositing MoS2 flakes on BPNSs.[27] 
Because of the higher Fermi level of BPNSs, electrons are 
transferred from BPNSs to MoS2 in the heterostructure with 
an intrinsic exchange current density of 0.66 mA cm−2, which 
is 22-fold higher than that of MoS2. The heterostructure also 
showed increased HER activity with an overpotential as low as 
85 mV at a current density of 10 mA cm−2.

Because of their excellent electronic properties, BPNSs were 
combined with anatase titanium dioxide nanosheets by ball 
milling to obtain an anatase titanium dioxide nanosheet–BP 
heterostructure (ATN–BP), which was used as a support for 
Pd nanoparticles in ethanol oxidation reactions (EORs).[193] In 
the ATN–BP heterostructure, the BPNSs are interconnected 
by ATN via POTi bonds, which improves the electrolyte 
penetration and electron transportation and improves the 
stripping of reactive intermediates. In an alkaline medium, 
the Pd/ATN–BP heterostructure showed an electrochemically 
active surface area of 462.1 m2 gPd

−1 and a mass peak current 
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density of 5023.8 mA mgPd
−1, which are 11.67 and 6.87 orders of 

magnitude higher than those of commercial Pd/C, respectively.  
In addition, the catalyst exhibited enhanced stability with a 
retention rate of the peak current density ≈30.6% after 3.6 × 103 s,  
which is much higher than other Pd catalysts. The BPNSs form 
a suitable heterointerface with ATN nanosheets to support 
metal catalysts, which improves the electrochemical activity of 
the metal catalysts. Overall, compared with their bare materials, 
BPNS-based heterostructures show better electrocatalytic per-
formance for electrocatalysis. An in-depth understanding of the 
mechanistic aspects of electrocatalysis in BPNS-based hetero-
structures is still lacking and requires additional experimental 
and theoretical studies.

4.5. Biological Applications

Compared with other 2D nanomaterials, BPNSs exhibit excel-
lent biodegradability and biocompatibility and hold great 
potential for use in biological applications.[196–198] The effi-
cient drug loading provided by the large specific surface area, 
high photothermal conversion efficiency owing to the intense 
absorption in the NIR region, ease of degradable and non-
toxic nature, and direct bandgap have made BPNSs potentially 
suitable as nanoagents in bioimaging, photothermal therapy, 
photodynamic therapy, and drug delivery systems.[199–203] 
Recently, efforts have been made to develop multifunctional 
BPNS-based heterostructures for bioapplications. A biocom-
patible BPNS/Bi2O3 heterostructure was constructed as a 
radiosensitizer for X-ray induced photodynamic therapy (X-ray-
PDT), which is a promising approach for synergistic cancer 
radiotherapy.[194] In contrast to conventional PDT with visible 
or NIR irradiation, X-ray-PDT provides deep tissue penetra-
tion in cells and thus provides better cancer treatment.[204,205] 
Because BPNSs cannot be directly excited by X-rays, a het-
erostructure composed of BPNSs and a material with high Z 
element Bi have been synthesized by growing Bi2O3 nanoparti-
cles on BPNSs. High Z elements with large photoelectric cross 
sections are known to produce reactive oxygen species (ROS) 
and to transfer energy to 2D sensitizers for increased ROS pro-
duction.[206,207] Compared with bare BPNSs, Bi2O3 more effec-
tively passivates BPNSs both in water and in the solid state. 
The synergistic effects of BPNSs and Bi2O3 enable efficient 
singlet oxygen (1O2) overproduction under X-ray irradiation 
via a Z-scheme photosensitized system, providing increased 
radiotherapy activity toward A375 cancer cells by inducing 
cell apoptosis and cycle arrest. In vivo BPNS/Bi2O3 sensitized 
radiotherapy in melanoma xenograft nude mice demonstrated 
enhanced tumor inhibition effects and good biocompatibility 
between the P and Bi elements. The BPNS/Bi2O3 sensitizer 
averts the drawbacks of conventional PDT, and the excellent 
biocompatibility of BPNSs improves the overall performance 
of the X-ray-PDT. Furthermore, the development of such 
heterostructures using BPNSs functionalized with cancer cell 
receptor molecules could enhance cellular uptake and improve 
localized cancer treatment without affecting normal cells.

The degradation products of BPNSs can be transformed 
in situ into P-based agents capable of promoting bone regen-
eration.[195,208] To this end, a bifunctional BPNS-reinforced 

3D-printed bioglass scaffold (BP/BG) was constructed by inte-
grating BPNSs into the surface of a bioglass scaffold for pho-
tothermal therapy of osteosarcoma and the subsequent bone 
regeneration.[195] After implanting the BP/BG scaffold into 
mouse osteosarcoma tissues, BPNS photothermal therapy 
enforces hyperthermia-induced osteosarcoma ablation. The 
oxidation of BPNSs releases a large amount of PO4

3−, and then 
the biomineralization reaction extracts calcium ions from the 
physiological environment, which accelerates the formation 
of new calcium phosphate (CAP) nanoparticles to establish 
bone regeneration (Figure 7). A study in male Sprague-Dawley 
rats showed that BP–BG scaffolds exhibited much better bone 
defect repair performance than the pure BG scaffolds. Owing 
to the ease of biodegradation and the nontoxicity of phos-
phorus-based products in physiological environments, BPNSs 
can be a better candidate for biological applications than other 
2D materials such as TMDs. However, the instability of BPNSs 
in body fluids greatly hampers beneficial properties such as 
photothermal efficiency and carrier mobility. In general, the 
remarkable biocompatibility, a wide range of absorption, high 
photothermal efficiency, and good carrier mobility of BPNSs 
are inherited from the heterostructures, which can provide 
novel multifunctional materials with improved properties for 
bioapplications.

5. Conclusions and Outlook

The construction and applications of heterostructures are the 
next hotspots in BPNS-based research. In this progress report, 
we have outlined the recent advances in the formation of BPNS-
based 2D and 3D heterostructures via covalent or noncovalent 
strategies and their electronic, optoelectronic, energy storage, 
catalytic, and biological applications (Table  1). A concise per-
spective on state-of-the-art research and future directions in 
BPNS-based heterostructures are discussed in this section.

5.1. Construction of Covalent and Noncovalent 2D and 3D 
Heterostructures

The covalent bonding of BPNS with other 2D materials via 
phosphorus and/or oxygen atoms provides stable edge and/
or surface-functionalized BPNSs with integrated properties. 
3D crosslinked heterostructures were obtained by forming 
strong PC bonds via BPNS ball milling with other nanoma-
terials. Such 3D networks possess the advantages of reduced 
self-restacking, improved conductivity, a higher interfacial area, 
and porous structures and have been used in energy storage 
and catalysis applications. 3D assembled heterostructures can 
also be obtained from a layer-by-layer crosslinking of 2D mate-
rials using wet chemical routes, but the poor dispersibility of 
the heterostructures will limit the growth of more covalently 
linked layers. In addition, attaining a regular array of different 
2D layers is also necessary, but this could be done via the suit-
able functionalization of nanosheets through directional bond 
formation. Most BPNS-based heterostructures have been con-
structed via noncovalent interactions such as van der Waals 
forces and electrostatic interactions. However, van der Waals 
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heterostructures with interlayer discrepancies, such as variable 
interlayer distances and twist angles between the layers, and 
different thicknesses, can lead to heterostructures with varying 
properties from sample to sample. This could be addressed by 
finding new synthetic methods for heterostructures with atom-
ically sharp interfaces. Functionalized BPNSs with positive or 
negative zeta potentials more easily form heterostructures with 
oppositely charged nanomaterials through electrostatic interac-
tions in solutions, but the poor solubility of heterostructures 
again hinders the formation of more layers. It should also be 
mentioned that the large-scale preparation of stable BPNSs is  
still a challenge, which further limits the construction of hetero
structures for practical applications. As the field of BPNS-
based heterostructures grows, it is very important to develop 
new scalable synthetic methods in which the properties of 
each material can be preserved and the number of layers can 
be controlled. Furthermore, the layer-by-layer array of more 
than two different nanosheets will be more appealing for the 
construction of next-generation BPNS-based 2D and 3D het-
erostructures with long-term stability. Interestingly, organic 
molecules/BPNS heterostructures have been recently demon-
strated using a self-assembly approach, which is a direction 
rarely explored.[209]

When comparing covalent and noncovalent approaches 
and their impact on heterostructures, it is very important to 

use the appropriate preparation methods to obtain hetero-
structures with targeted performance. In general, noncovalent 
heterostructures can greatly preserve the properties of BPNSs 
and add additional functionality by stacking other materials 
on top. In contrast, the formation of covalent bonds signifi-
cantly changes crystal lattices and electronic band structure. 
Therefore, for covalent approaches, critical control over the 
degree of functionalization is required to maintain the proper-
ties of BPNSs to avoid unwanted functionalization and lattice 
destruction.

5.2. Catalytic Applications

In contrast to other 2D materials, the presence of a direct 
bandgap, higher charge transport properties, and a wide range 
of absorption from the ultraviolet–visible to NIR region gives 
BPNSs potential as a photocatalyst. Importantly, BPNSs have 
a more negative CBM than the redox potential of H+/H2, so 
they can be used as photocatalysts for hydrogen production. 
BPNS-based heterostructures reach a charge separation with a 
longer lifetime and efficient charge transfer between different 
2D layers by suppressing fast charge recombination to enhance 
the overall photocatalytic performance. However, the exact 
mechanism involved in the charge transfer and transport at the 

Figure 7.  Schematic illustration of a stepwise therapeutic strategy for the elimination of osteosarcoma followed by osteogenesis using a BP/BG 3D 
heterostructure. Reproduced with permission.[195] Copyright 2018, Wiley-VCH.
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interfaces is still unclear and requires further investigation in 
both theoretical and experimental research.[210] Compared to 
bare BPNSs, the electrocatalytic performance of BPNS-based 
heterostructures was found to be superior because of the large 
number of active sites, improved electrical conductivity, and 
efficient electron transfer. BPNS-based heterostructures are 
currently highly promising candidates for both photo- and 
electrocatalytic applications.

5.3. Energy Storage Applications

To date, BPNSs have attracted considerable attention for their 
outstanding energy storage performance. BPNS-based het-
erostructures were found to limit serious volume changes and 
prevent aggregation during the fast charge/discharge process 
in batteries. To this end, heterostructures with flexible cova-
lent bonds would be an efficient candidate because the flexible 
bonds can resist bond breakage and thus prevent the degrada-
tion of BPNSs during charge/discharge cycles. BPNS-based 

heterostructures provide increased conductivity and a larger 
surface area by avoiding the restacking of BPNSs, resulting in 
better electrochemical performance.

5.4. Biological Applications

Owing to the outstanding biocompatibility, biodegradability, 
and photothermal and photosensitizing properties of BPNSs, 
BPNS-based heterostructures hold great potential for bio-
logical applications. The nontoxic degradation products of 
BPNSs in the heterostructures were also found to undergo 
biomineralization to initiate bone regeneration. However, the 
degradation of BPNSs in the physiological environment reduces 
their photothermal and photosensitizing activity. BPNSs have 
also been reported to generate ROSs via energy transfer in the 
pristine state or synergistically in the heterostructures. As an 
advanced strategy, heterostructures of BPNSs functionalized 
with cancer-targeted molecules could further improve site-
selective activity during cancer treatment.

Table 1.  Summary of BPNS-based heterostructures, the type of interactions, and applications.

Heterostructure Type of interaction Application Refs.

h-BN/BPNS/h-BN van der Waals interaction Transistor [131]

BPNS/graphene van der Waals interaction Transistor [132]

BPNS/h-BN/MoS2 van der Waals interaction Transistor [101]

BPNS/h-BN van der Waals interaction Transistor [133]

BPNS/graphene van der Waals interaction Photodetector [145,146]

BPNS/WSe2 van der Waals interaction Photodetector [99]

BPNS/MoS2 van der Waals interaction Photodetector [97,109,147]

BPNS/InSe van der Waals interaction Photodetector [96]

Perovskite/BPNS/MoS2 van der Waals interaction Photodetector [148]

BPNS/MoSe2 van der Waals interaction Gas sensor [155]

BPNS/h-BN/MoS2 van der Waals interaction Gas sensor [157]

BPNS/graphene/TiO2 van der Waals interaction Lithium ion batteries [110]

BPNS/graphene van der Waals interaction Sodium ion batteries [156]

BPNS/Ti3C2 MXene Electrostatic interaction Sodium ion batteries [114]

BPNS/Ti3C2Tx MXene van der Waals interaction Sodium ion batteries [161]

BPNS/V2CTx MXene van der Waals interaction Potassium ion batteries [162]

BPNS/CNTs Covalent bond Supercapacitor [86]

BP/RP van der Waals interaction Lithium ion batteries and supercapacitors [168]

BPNS/g-C3N4 Coordination bond Photocatalytic hydrogen evolution [173]

BPNS/g-C3N4 van der Waals interaction Photocatalytic hydrogen evolution [174]

BPNS/g-C3N4 Electrostatic interaction Photocatalytic hydrogen evolution [113]

BPNS/MBWO van der Waals interaction Photocatalytic water splitting and NO removal [175]

BPNS/BiVO4 Electrostatic interaction Photocatalytic water splitting [112]

BPNS/Pt Covalent bond Photocatalytic hydrogenation and oxidation reactions [81]

BPNS/Co2P van der Waals interaction Electrocatalytic water splitting [183]

Ni3N/BPNS/graphene Covalent bond Electrocatalytic oxygen evolution reaction [82]

BPNS/TiO2 Covalent bond Electrocatalytic ethanol oxidation [193]

BPNS/Bi2O3 van der Waals interaction Cancer radiotherapy [194]

BPNS/3D printed bioglass van der Waals interaction Photothermal therapy of osteosarcoma and bone regeneration [195]
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5.5. Optical and Electronics Applications

In terms of understanding their optical and electronic proper-
ties, the moiré exciton features in BPNS-based heterostructures 
resulting from misaligned monolayer lattices have not yet been 
investigated thoroughly. The twist angle between two vertically 
stacked layers can be used to more finely tune the fundamental 
properties of the heterostructure. The spatially dependent, peri-
odic moiré potential gives rise to arrays of trapping potentials 
and can lead to flat excitonic bands and even superconductivity, 
as recently shown for twisted bilayer graphene.[128] Exciton for-
mation, thermalization, and decay dynamics, the hybridization 
effects of intra and interlayer excitons,[129] exciton diffusion,[211] 
and dissociation at interfaces in BPNS/TMD heterostructures are 
additional topics that need to be explored in future studies. In 
terms of electronic and optoelectronic applications, tunable band-
gaps covering infrared to visible frequencies, high carrier mobili-
ties, and large on/off ratios at room temperature lift BPNS-based 
heterostructures out of the shadow of graphene and TMDs. 
Within a relatively short time, significant progress has already 
been made in exploiting the potential of BPNSs for various 
electronic and optoelectronic applications, including high-per-
formance transistors, infrared photodetectors, and gas sensors. 
Small-size BPNS samples obtained via mechanical exfoliation 
have been used to perform proof-of-concept studies; however, the 
production of high-quality, large-scale samples of BP monolayers 
and BP-based heterostructures, which is a crucial prerequisite for 
realistic commercial electronic and optoelectronic applications, 
has yet to be realized. The CVD growth of BPNS-based hetero-
structures might be a good option for further explanation.[212] In 
addition, to optimize the operational performance of gas sensors, 
a better microscopic understanding of the many-particle pro-
cesses behind the generation of currents in novel photodetectors 
using BPNS-based heterostructures is necessary, as are micro-
scopic insights into new interaction channels introduced through 
coupling BPNSs with molecules in a BPNS-based heterostruc-
ture. Recently, BPNS-based heterostructures were also found to 
be highly promising for electrically driven mid-infrared (MIR) 
light emission.[213,214] In another report, a light-emitting diode 
(LED) fabricated with a BPNS/MoS2 heterojunction showed 
polarized electroluminescence at λ = 3.68 µm, with internal and 
external quantum efficiencies of ≈1% and ≈0.03%, respectively, 
at room temperature.[213] Because the bandgap of BPNSs can 
be easily tuned with respect to thickness, vertical electrical bias, 
chemical doping, BPNSs, and their heterostructures are attrac-
tive candidates for versatile MIR light sources.

In conclusion, recent advances in the synthesis and applica-
tions of BPNS-based heterostructures are highly promising but are 
still in their embryonic stages. In the coming years, BPNS-based 
2D, and especially, 3D heterostructures are expected to be studied 
extensively to obtain efficient synthetic methods and to gain more 
knowledge about their properties and relevant applications.
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