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n-covalent chemistry of 2D black
phosphorus

Aleksandra Mitrović,a Gonzalo Abellán *b and Andreas Hirsch *c

The post-graphene era is undoubtedly marked by two-dimensional (2D) sheet polymers, such as black

phosphorus (BP). This emerging material has a fascinating structure and outstanding electronic

properties and has been postulated for a plethora of applications. The need to circumvent the

pronounced oxophilicity of P atoms has dominated the research on this material in recent years, with

the objective of finding the most effective method to improve its environmental stability. When it comes

to chemical functionalization, the few approaches reported so far involve some drawbacks such as low

degree of addition and low production ability. This review presents the concepts and strategies of our

studies on the chemical functionalization of BP, both non-covalent and covalent, emphazising the

current synthetic challenges. Moreover, we also provide some effective pathways for the chemical

activation of the unreactive basal plane, the identification of the effective binding strategies, and the

concept to overcome hurdles associated with characterization tools. This work will provide fundamental

insights into the controlled chemical functionalization and characterization of BP, fostering the research

on this appealing 2D material.
Introduction

Black phosphorus is a sheet polymer, which recently joined the
emerging endeavours of investigating 2D materials. It was rst
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synthesized in 1914, but it was not until 2014 that it was
recognized as a wonder material, similar to graphene.1–5 It
consists only of P atoms which are sp3-hybridized and trivalent,
interlinked to form an orthorhombic puckered lattice.6,7 Bulk
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Fig. 1 (a) Top view of the puckered honeycomb lattice of BP – upper
plane P atoms marked in blue, lower plane P atoms given in yellow. (b)
Lateral view on the lattice in armchair direction. BP lattice with six
membered-ring in chair configuration highlighted in red; atomic
resolution Scanning Transmission Electron Microscopy (STEM) image
of the BP lattice. Adapted from ref. 83, with permission from Wiley-
VCH GmbH, copyright 2018.
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BP has a stacked 3D structure composed of atomically thin
layers, held together by weak van der Waals interactions.6 BP
possesses very appealing properties such as a direct, narrow and
thickness-dependent bandgap ranging from 0.3 to 2.0 eV (for
a monolayer and the bulk material, respectively), high charge
carrier mobility (approximately 1000 cm2 V�1 S�1), ambipolar
transport characteristics and unique in-plane anisotropy.8–15

These properties foster its potential implementation in many
elds, including eld-effect transistors (FETs),16–19 optoelec-
tronic devices,20–23 and energy storage and conversion.24–28 BP
layers of appropriate thickness for the device manufacturing
can be obtained using either bottom-up or top-down
approaches. The rst approaches are represented by chemical
vapor deposition (CVD),29 pulsed laser deposition (PLD)30,31 and
gas-phase growth processes.32 Although this method is still in
its infancy, it provides large-scale and high-quality BP akes.
However, most of the research relies on the top-down
approaches to obtain suitable samples for further investiga-
tions, usually by micromechanical,33–35 liquid phase (LPE)36–39 or
electrochemical exfoliation.40,41 Among the P-allotropes (e.g.
white, violet, red and blue phosphorus) BP has the highest
thermodynamic stability.42 Nevertheless, the structural anisot-
ropy of the BP lattice is signicant. The atomic arrangement
results in two directions which can be designated as the
armchair conguration and zigzag orientation (Fig. 1). Simple
identication of its unique crystal structure can be achieved by
recording the associated Raman spectrum (Fig. 3c, pristine BP)
which contains three main vibrational modes, namely the
A1
g mode at 362 cm�1, the B2

g mode at 440 cm�1 and the A2
g mode

at 466 cm�1. All of those originate from the respective stretching
motions of the crystal structure within the plane (B2

g and A2
g) or

out of the plane (A1g).6 Interestingly, the Raman spectrum of BP
is also affected by the anisotropic nature of BP.43 P atoms in
such a special connement are spread apart sufficiently to be
relatively strain free. Based on these statements one could
assume that BP is not reactive at all. However, the observed
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26094 | RSC Adv., 2021, 11, 26093–26101
instability under ambient conditions demonstrates a quite
pronounced chemical reactivity.44 Every P atom in the lattice has
a total of 5 valence electrons, three distributed within strong in-
plane bonds and one non-bonding pair. With the removal of
weak interlayer interactions this lone pair of electrons makes
2D sheets active in the air. In general, these surface electrons
can be seen as delocalized s electron clouds that enable BP to
act as a so nucleophile in various types of chemical reactions.
The knowledge about intrinsic reactivity principles is of utmost
importance for the development of BP based devices. Indeed,
the exploration of BP chemistry allows the processability to be
considerably improved and the solubility of this nanomaterial
to be increased. Additionally, it provides the opportunity for
extended modulations and for the ne tuning of the respective
physical properties. The physics and material properties of BP
have been extensively studied but its chemistry, as an absolute
prerequisite to achieve those outstanding properties, has tagged
behind. The main challenges in the exploitation of its chemistry
come from the limitation in the characterization of the prod-
ucts, and identication of the lattice structural changes due to
low functionalization degrees. This review summarizes what we
have learned so far about the basic chemical reactivity of 2D BP,
ranging from basic aspects of oxidation and degradation to
organic functionalization, both non-covalently and covalently.

Oxidation

We will begin our summary on the BP reactivity with its most
prominent feature, the intrinsic instability caused by
a pronounced oxophilicity of the material, which paves the way
for its degradation in the presence of moisture.44,45 Long term
exposure to ambient conditions causes etching processes and
deterioration of BP akes in days, whereas single- and few-layer
© 2021 The Author(s). Published by the Royal Society of Chemistry
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samples may even degrade within hours.6 Combined experi-
ments and ab initio calculations that addressed this problem
suggest that BP rapidly degrades whenever oxygen is present,
but is unaffected by deaerated water/solvents.46 The decompo-
sition pathway is rationalized by oxidation involving a facile
dissociative chemisorption of O2, whereas H2O molecules are
weakly physiosorbed on the BP surface. Oxidation (i.e., the
reaction of P / PxOy) induces changes in the electronic struc-
ture of BP thus turning the hydrophobic pristine BP surface to
a metastable state which is strongly hydrophilic. The role of
water in the process is secondary since it enables subsequent
reaction of PxOy to phosphoric acid and related species.47–49

Along this front, we have developed rapid and precise
methodologies for monitoring the oxidative degradation of few-
layer BP (FL-BP) by using the pronounced inuence of the
anisotropy of BP on the A1

g/A
2
g ratio, which is indicative of the

oxidation status.48,50 In this regard statistical Raman spectros-
copy (SRS) results were compared with AFM measurements.
Raman mappings from several samples were conducted over
time, measuring every 24 h, using an excitation wavelength of
532 nm and carried out statistics. With ongoing oxidation time,
there is a clear evolution in the histograms of the A1

g/A
2
g ratio

toward lower distributions, which becomes more evident aer
72 h. Environmental degradation can be easily monitored as
Fig. 2 Thinning of BP by rinsing with DI water. (a) Scheme illustrating
the used concept for the layer-by-layer thinning of micromechanically
exfoliated BP flakes on Si/SiO2-substrates. (b) Sequence of optical
images of a BP flake showing its pristine (1), oxidized after 5 days (2)
and the washed (3) form with DI water. Further oxidation for 2 days (4)
and subsequent rinsing with DI water (5) complete the series. (c) AFM
images corresponding to the pristine BP flake (1) as well as after each
washing procedure (3 & 5). (d) Statistical AFM evaluation recorded in
the white square of the corresponding AFM image above visualizing
the difference in height between the underlying substrate and the BP
flake clearly confirming the thinning effect. Note that the first peak in
the topography AFM statistics histograms accounts for the substrate
and the second peak to the flake. Adapted from ref. 51, with permission
from the Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
stated, by following the development of the A1
g/A

2
g ratio versus

time, which decreases exponentially, with the clear limitation
FL-BP since with increasing thickness of BP, the intensity of
Raman modes decays considerably slower.48 Moreover, the
inuence of ake thickness and lateral dimensions on the BP
oxidation kinetics turns out to be crucial and has to be precisely
considered for comparative purposes. Ambient oxygen and
moisture cause degradation of the material in the dark, but the
process can be fostered through the photo-oxidation.48,51,52

Having all this in mind we took advantage of this degradation
process developing a top-down strategy for reducing the thick-
ness of BP akes in a controllable manner (Fig. 2).51 Firstly, BP
was exposed to ambient conditions and the resulting oxidatively
degenerated layer was removed by washing with distilled water.
Continuous layer thinning resulted in preparation of a single
layer whose electronic properties are preserved.51 The suitability
of this thinning procedure is revealed through the preparation
of FET device showing that even downside properties of the
material can be used as an advantage.

Non-covalent functionalization

In order to generate a single 2D sheet motif one has to exfoliate
it from the pre-existing 3D stacked layers in the mother crystal.
As a consequence, this procedure leaves a rather high surface
energy which has to be compensated in order to passivate the
material against the oxidation. Conceptually, this can be ach-
ieved by allowing the external molecules to bind the surface via
non-covalent stacking interactions.53,54 Since BP exposes lone
pairs to the surface it is reasonable to assume that it will
strongly interact with electron acceptors. Indeed, we demon-
strated for the rst time that the treatment with electron-poor
and polarizable polycyclic aromatic molecules provides
considerable stabilization of exfoliated BP nanosheets. Speci-
cally, the functionalization of few-layer BP akes with the elec-
tron-withdrawing 7,7,8,8-tetracyano-p-quinodimethane (TCNQ)
and a tailor-made perylene diimide (PDIs) leads to the forma-
tion of stable hybrids in which the organic components cover
and guard the surface of the thin akes (Fig. 3).53 These strong
stacking interactions cause efficient protection of the surface of
BP, avoiding its oxidative degradation. Even more, the reaction
Fig. 3 (a) Representation of the organic ligand (OL) driven exfoliation/
functionalization of bulk BP with TCNQ (1) and perylene bisimide (PDI)
(2) leading to the formation of charge transfer compounds, consisting
of FL-BP/SL-BP sheets, decorated with strong electron-withdrawing
OLs. (b) Representation of (1) and (2) adsorbed on BP. Adapted from
ref. 53, with permission from Wiley-VCH GmbH, copyright 2016.
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of BP with the electron acceptor TCNQ (1) leads to a pronounced
electron transfer from BP to the organic component (Fig. 3b.).
The resulting positive charge on BP is stabilized by the layers
underneath, as nicely supported by quantum mechanical
calculations, while the formation of TCNQ dianion was proved
by absorption spectroscopy. In order to force the PDI peripheral
moieties interact stronger with the surface of BP we have
recently designed two PDI derivatives with increased number of
p electrons as aromatic end-groups (namely benzene and
naphthalene).54 This strategy signicantly improved surface
coating, allowing for a denser and more structured packing of
the molecules thus increasing environmental and thermal
stabilities of BP, as demonstrated by XPS, temper-
ature-dependent Raman spectroscopy and TG-MS. Electronic
properties of these hybrids were studied for the rst time by
constructing PDI-BP eld effect transistors (FETs) showing
a hysteretic charge balance behaviour where preservation of the
electronic properties of BP is reected in the values of charge
carrier mobilities comprised in the 130–140 cm2 V�1 s�1 range.
Similar strong non-covalent interactions were involved in the
formation of adducts of BP with organoboron derivatives of
a conjugated pyrene55 and 1-pyrenebutyric acid.56 It is not
possible to fully cover the surface of BP akes using organic
coating layers, as edges and borders still remain prone to the
degradation. Shielding effect is also inuenced by the packing
ability of the organic molecules hence their functional moieties.

Besides p-extended organic molecules57 other molecules
with electron accepting properties are reported to interact
strongly with BP.58–60 Long-term stabilization in this case is hard
to reach, but the diffusion of oxygen and water is signicantly
suppressed by simple physisorption. With slower degradation
kinetics it is possible to use BP to manufacture devices, espe-
cially since van der Waals epitaxy on BP does not destroy the
original electronic properties of BP. Adsorption of stable
organic molecules to the BP surface can be achieved through
electrostatic interactions, as well. Walia et al. applied imidazo-
lium-based ionic liquids (ILs) to remove reactive oxygen species
generated by degradation of BP.61 In situ environmental SEM
was performed on BP treated with 1-butyl-3-methylimidazolium
tetrauoroborate [BMIM][BF4] and the results conrmed the
ability of IL to quench �90% of the 1O2 damaging species.
Fabricated FET devices with [BMIM][BF4] – treated BP did not
lose their switching properties for 92 days. Similarly, our group
found that the average normalized SRM intensity of the func-
tionalized BP with [BMIM][BF4] IL decreased by only�30% aer
exposure for 47days, while pristine BP signals disappeared aer
only 7 days.48 Furthermore, dramatically enhanced stabilities
retaining the BP structure even aer exposure for 100 days, were
achieved using polymer ionic liquids62 and surfactants.63 Due to
evenly distributed lone pairs on the basal plane of BP, surface
functionalization is also possible via a Lewis acid–base reaction.
Yu et al. utilized Ag+ to effectively prevent oxygen and water
from contacting the reactive phosphorus atoms.64 The
mechanically exfoliated few-layer BP was simply immersed in
a silver nitrate solution in NMP aer what AFM characterization
conrmed the ambient stability of BP–Ag+ complex. FET devices
manufactured with the complex showed increased hole
26096 | RSC Adv., 2021, 11, 26093–26101
mobilities and much higher ON/OFF ratios than the ones based
on pristine BP.

Recently the research group of Velian discovered that inter-
actions of Lewis acids with BP are strictly governed by Pearson
hard-so match between the acid and the exposed phosphorus
lone pair.65 Having a hard-somismatch to phosphorus in case
of boron Lewis acid causes little stabilization of the material
while non-bulky, highly electrophilic gallium and aluminium
halides (i.e. AlCl3, AlBr3, GaCl3) provided good protection to the
BP akes. According to optical microscopy, followed by AFM
measurements, AlBr3 provided the longest protection against
ambient degradation, for at least 84 hours. When employed in
FETs, Lewis acid treatment was found to tune the electronic
properties of BP through strong p-doping and suppression of
n-type conductivity, while preserving its transport properties for
at least 72 hours.

Overall, these results demonstrate that non-covalent func-
tionalization is an effective approach for BP passivation,
preserving (and even improving) the unique electronic proper-
ties of pristine BP.

Covalent functionalization

Having in mind that supramolecular interactions of BP with
various ligands do not completely exclude the pronounced
oxophilicty of the material, covalent modications were chosen
as an alternative approach. The idea was to passivate the BP by
changing its crystal structure with the attachment of functional
groups that could render its potential towards the degradation.
A rst study published ve years ago, targeted the formation of
a P–C bond. The group of Hersam investigated the reaction of
mechanically exfoliated BP with aryl diazonium compounds,
resulting in the covalent attachment of the phenyl moiety onto
the BP lattice.66 The mechanism of the reaction involved radical
intermediates and resembled related graphene chemistry.67

According to the DFT calculations, the nal structure should
contain thermodynamically favourable phosphonium units
consequently leading to an increased stability of the material.
Along this route, the lifetime of constructed BP FETs was
signicantly prolonged seemingly due to physical encapsula-
tion with aluminium oxide, included at the end of the experi-
mental protocol. Many of the following articles referred to this
covalent modication of BP using iodonium salts,68 nucleo-
philic reagents,69 carbon-free radicals,70 and azides.71 These
procedures have been extensively reviewed by Yang et al.72

Herein, we will focus on the latest discoveries that shed light on
the reactivity of BP. Interestingly, the formation of P–C bond
was always assumed, although the binding motif was not
investigated in detail nor was the P–C bond precisely deter-
mined. Structural characterization of the chemically function-
alized BP is very challenging due to the fact that it is a 2D
polymer with different size-, shape-, and weight distribution.
The reaction products obtained from covalent addition reac-
tions are far from being uniform. Sample inhomogeneity also
comes from different degrees of functionalization or clustering
of addends in certain areas. The use of single measurements
can be misleading so we introduced statistical Raman
© 2021 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy (SRS) and scanning Raman microscopy (SRM) for
2D materials characterization.73 Moreover, it appeared that all
of the established functionalization procedures were based on
the wrong premise, namely, that 2D BP is very active with
respect to covalent binding. However, the sheet polymers are
strain-free and the driving force for the initial binding is very
low. The solution to this problem came with the successful
preparation of BP intercalation compounds (BPICs) with alkali
metals (K and Na) (Fig. 4a).74 In the same way as the solid
synthesis of graphene intercalation compounds, grounded bulk
BP was mixed with small amounts of alkali metals at elevated
temperatures, under strictly inert conditions. Structural
changes that occurred in the BP lattice upon intercalation had
inuenced the phonons detectable by Raman spectroscopy.
Distinct features at around 250–350 cm�1 were clearly detected,
such as the appearance of the new bands caused by the func-
tionalization process (Fig. 4c). Compared with neutral BP, the
reactivity of BPICs towards electrophiles (E) is expected to be
considerably increased, as the energetically high lying conduc-
tion band is now occupied with electrons. A similar concept was
reported by Zhang et al. where functionalization was achieved
with BP activated with n-butyllithium.75

Starting from negatively charged BP we have developed
a reliable synthetic protocol for covalent modication of BP
with alkyl halides.76 Functionalization reactions were carried
Fig. 4 (a) General reaction course showing the reductive covalent
functionalization of BP. Pristine BP is intercalated with an alkali metal in
the solid state under controlled heating and afterwards the activated
BPIC is dispersed in THF and reacted with an electrophilic trapping
reagent. (b) Lattice opening of BP upon covalent modification with
methyl iodide: proposed reaction mechanism based on DFT calcula-
tions. (c) Mean Raman spectra visualizing the reaction course of the
covalent functionalization of BP ex situ. The calculated Raman spec-
trum of a BP single layer with one addedmethyl group is also included.
The inset magnifies the region below 300 cm�1 for better comparison.
The calculated spectrum has been shifted by 14 cm�1. Adapted from
ref. 76, with permission from Wiley-VCH GmbH, copyright 2019.

© 2021 The Author(s). Published by the Royal Society of Chemistry
out using MeI and HexI as electrophilic trapping reagents using
a wet chemical approach.76–78 Reaction products obtained via
the reductive route were extensively studied by multiple char-
acterization techniques in order to unambiguously determine
the binding motif of the addends to the BP lattice. The BP sheet
acts as nucleophile in a substitution reaction, where the lone
pairs of the P-atom attack the carbon atom on the alkyl halide.
One could have expected that the formation of P–C bonds would
lead to the creation of phosphonium sites in the otherwise
intact BP lattice. However, our DFT calculations pointed
towards P–P bond cleavage (Fig. 4).76 As presented in Fig. 4b P–P
bond breakage occurs to yield tertiary phosphine leaving
a radical on one phosphorus atom, which is neutralized later on
by potassium or by the attachment of another alkyl group. To
gain unambiguous evidence for the covalent bond formation,
we introduced quantitative magic-angle-spinning 31P solid-
-state NMR (31P MAS NMR) analysis as standard characteriza-
tion technique. Spectra of intercalated KP6 showed the presence
of phosphorene signal at 18.2 ppm alongside with a new signal
at �117 ppm, which corresponds to the P atoms bearing
a negative charge, representing z7% of the total P atoms. 31P
MAS NMR spectrum of the methylated BP shows the complete
disappearance of the negatively charged P atoms and the
appearance of a new signal at 22 ppm, a value that precisely
matches that expected for a P–CH3 and not for a P+–CH3. The
process of lattice opening lowers the energy of the system but
does not in any case improve the stability of the material over
time. Bond cleavage creates defects in the lattice for oxygen and
moisture, which can in fact deteriorate the material faster.
Measurements of the functionalized samples under environ-
mental conditions by SRM showed typical exponential decay of
the Raman modes reecting their degradation.
Quantifying the covalent
functionalization of BP

Since we have demonstrated that reactions of activated BP with
electrophilic trapping reagents afford measurable degrees of
lattice modication, the next task was to quantify the overall
functionalization degree by a non time-consuming spec-
troscopical technique like SRS.78 Spectroscopic ngerprints of
methylated BP clearly show two regions associated with P–C/C–H
vibrations (Fig. 5). The idea was to correlate the measured
intensity of the P–C vibrational contribution at 645 cm�1 for the
different samples to themost prominent BP Ramanmode, which
is the A2g mode at 466 cm�1 (Fig. 5a). This hypothesis is very
similar to previously established ID/IG ratio in graphene chem-
istry.78,79 Different methylated samples were obtained starting
from BPICs with different amounts of the alkali metal—namely
NaP4, NaP6 and NaP12 via standard reductive route. The more
activated the BP is due to the charge transfer from the AM to its
2D lattice, the more functionalization should occur. Indeed, the
intensity ratio of the P–C vibrational mode versus the A2g peak of
BP increases with an increasing amount of AM (Fig. 5b). As
previously mentioned the exact functionalization degree can be
obtained from 31P MAS NMR spectra (Fig. 6). In the case of
RSC Adv., 2021, 11, 26093–26101 | 26097
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Fig. 5 (a) Zoomed mean Raman spectrum of methylated NaP4. (b) 3D
plot showing the statistical evaluation of the Raman mappings
featuring the P–C/A2

g ratio for the respective BPICs NaP4, NaP6 and
NaP12. Adapted from Adapted from ref. 78, with permission from
Wiley-VCH GmbH, copyright 2020.

Fig. 7 Proposed mechanism of Sandmeyer's-type reaction leading to
a Baltz–Schiemann product, with BPIC having a role of sacrificial
catalyst. Due to the high amount of unpaired electrons on the BP
surface, the lattice undergoes a structural alteration to form amor-
phous RP-like structures. Adapted from ref. 80, with permission from
Wiley-VCH GmbH, copyright 2021.
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different BPICs it can be seen that the shoulder, indicative for the
covalent modication of the BP lattice, gets more pronounced
with increasing amount of the used AM. In fact, by applying
a deconvolution to each of the spectra, the exact functionaliza-
tion degree is determined to be 1.9% for NaP12, 2.8% for NaP6
and 4.7% for NaP4, respectively. Correlating these 31P-MAS NMR
results with the C–H/A2g and P–C/A2g Raman ratios shows a clear
trend (Fig. 6c) and proves that SRS is a suitable technique to
quickly estimate the functionalization degree of methylated BP.
Reactivity of BPICs toward diazonium
salts

Diazonium salts are widely used for the covalent modication of
BP via neutral route, although functionalization degrees were
Fig. 6 (a) Full range 31P-MAS solid state NMR spectrum of methylated B
highlighting the comparison of 31P-MAS solid state NMR spectra of me
tionalization degree determined by quantitative 31P-MAS solid state NM
vibrational mode versus the A2

g mode of BP. Adapted from the adapted f

26098 | RSC Adv., 2021, 11, 26093–26101
extremely low. Due to this fact, an unambiguous determination
of the covalent binding became quite difficult. Facing these chal-
lenges negatively charged BPwas employed as a reaction partner in
a functionalization sequence with high energy electrophiles (E).
For this purpose, three phenyldiazonium tetrauoroborate salts
bearing different substituents in para position were allowed to
react with KP6/NaP6 (Fig. 7).80 Unexpectedly, products showed no
sign of covalent modication. Instead, the reaction caused drastic
structural evolution in the interface of few-layer BP leading to
amorphous red phosphorus (RP). This was demonstrated by
employing Raman spectroscopy, 31P MAS-NMR spectroscopy, TGA
coupled to GC-MS and XPS. Most probably, this process is
promoted by intermediate radical centres on the P-lattice, which
form aer single electron transfer (SET) takes place from the BPIC
to the diazonium salt. Due to the high number of unpaired elec-
trons on the BP surface, the lattice undergoes a structural alter-
ation to form amorphous RP-like structure.
P—exemplary for the reaction product of NaP4 with MeI. (b) Zoom in
thylated BP starting from different BPICs. (c) Correlation of the func-
R spectroscopy to the Raman intensity ratio of the C–H and P–C

rom ref. 78, with permission from Wiley-VCH GmbH, copyright 2020.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Last but not the least, the role of black phosphorus in
chemical reactions is not solely limited to the position of reac-
tant. Due to the intrinsic electron richness of the bulk atoms, BP
sheets have specic catalytic activity.81,82 Pristine FL-BP exfoli-
ated in the IL bmim-BF4, catalyse the alkylation of so nucle-
ophiles with alkyl esters, in good yields and selectivity,
particularly for aromatic substrates allowing even acid-sensitive
molecules to be alkylated.81 FL-BP also catalyses different
radical additions to alkenes, specically the electron-rich
counter-part KP6, can promote/catalyse the radical addition of
haloalkanes to alkenes with high turnover frequency.82 Alto-
gether, the use of catalytic FL-BP constitutes a very promising
starting point to design efficient radical catalysts based on 2D
pnictogens, fostering the development of novel applications.83

Conclusions

Two-dimensional materials are highly required for controlled
device production. Demands along this process include large-
scale production, easy processing and facile tuning of physical
and materials properties. Confronting them is extremely
challenging and requires deep understanding of the inherent
chemical reactivity principles of 2D sheet polymers. In this
review we have summarized the strategies followed in our lab
for the controlled functionalization of BP, both non-covalently
and covalently. On the one hand, the modication of the
electronic structure at the interface between 2D BP and
a conjugated organic molecule through van der Waals inter-
actions provided stabilization of the material under ambient
conditions to a great extent. On the other hand, expecting that
the covalent functionalization of the lattice could lead to
a broad range of applications, an in-depth study of the
underlying BP reactivity patterns was carried out. Chemical
modication via a neutral route provided very low degrees of
functionalization while the reductive covalent functionaliza-
tion of BP – carried out in our lab – with alkyl halides using
intercalation compounds resulted in a remarkably higher
degree of functionalization involving an in-plane P–P bond
breakage. In turn, the reaction of BPICs with diazonium salts
induced drastic structural changes of the lattice, producing
the interphase amorphization leading to red phosphorus. A
number of fundamental challenges have been successfully
addressed such as identication of spectral ngerprints for
P–C bond, high degree of functionalization along with
a straightforward correlation method for its quick evaluation
using Raman spectroscopy. These mechanistic insights into
the reactivity of BP will further help engineering this 2D
material in a controlled way, allowing for the modication of
its electrical properties. These advances permit a precise
tuning of the interfacial properties of BP, which will allow for
the development of novel applications not only in (opto)elec-
tronics but also in catalysis, energy storage, biomedicine or
materials science, to name a few.
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B. Özyilmaz, Appl. Phys. Lett., 2014, 104, 103106.

18 T. A. Ameen, H. Ilatikhameneh, G. Klimeck and R. Rahman,
Sci. Rep., 2016, 6, 28515.

19 J. Miao, L. Zhang and C.Wang, 2DMaterials, 2019, 6, 032003.
20 J. Cheng, C. Wang, X. Zou and L. Liao, Adv. Opt. Mater., 2019,

7, 1800441.
21 X. Zong, K. Liao, L. Zhang, C. Zhu, X. Jiang, X. Chen and

L. Wang, J. Mater. Chem. C, 2021, 9, 4418–4424.
22 P. C. Debnath, K. Park and Y.-W. Song, Small Methods, 2018,

2, 1700315.
23 J. Pang, A. Bachmatiuk, Y. Yin, B. Trzebicka, L. Zhao, L. Fu,

R. G. Mendes, T. Gemming, Z. Liu and M. H. Rummeli, Adv.
Energy Mater., 2018, 8, 1702093.

24 Y. Zhou, M. Zhang, Z. Guo, L. Miao, S.-T. Han, Z. Wang,
X. Zhang, H. Zhang and Z. Peng, Mater. Horiz., 2017, 4,
997–1019.

25 Z. Guo, W. Ding, X. Liu, Z. Sun and L. Wei, Appl. Mater.
Today, 2019, 14, 51–58.

26 S. Lin, Y. Li, J. Qian and S. P. Lau,Mater. Today Energy, 2019,
12, 1–25.

27 Y. Zhang, Y. Zheng, K. Rui, H. H. Hng, K. Hippalgaonkar,
J. Xu, W. Sun, J. Zhu, Q. Yan and W. Huang, Small, 2017,
13, 1700661.

28 W. Gao, Y. Zhou, X. Wu, Q. Shen, J. Ye and Z. Zou, Adv. Funct.
Mater., 2021, 31, 2005197.

29 J. B. Smith, D. Hagaman and H.-F. Ji, Nanotechnology, 2016,
27, 215602.

30 Z. Yang, J. Hao, S. Yuan, S. Lin, H. M. Yau, J. Dai and
S. P. Lau, Adv. Mater., 2015, 27, 3748–3754.

31 Z. Wu, Y. Lyu, Y. Zhang, R. Ding, B. Zheng, Z. Yang, S. P. Lau,
X. H. Chen and J. Hao, Nat. Mater., 2021, DOI: 10.1038/
s41563-021-01001-7.

32 Y. Xu, X. Shi, Y. Zhang, H. Zhang, Q. Zhang, Z. Huang, X. Xu,
J. Guo, H. Zhang, L. Sun, Z. Zeng, A. Pan and K. Zhang, Nat.
Commun., 2020, 11, 1330.

33 Y. Chen, G. Jiang, S. Chen, Z. Guo, X. Yu, C. Zhao, H. Zhang,
Q. Bao, S. Wen, D. Tang and D. Fan, Opt. Express, 2015, 23,
12823–12833.

34 L. Guan, B. Xing, X. Niu, D. Wang, Y. Yu, S. Zhang, X. Yan,
Y. Wang and J. Sha, Chem. Commun., 2018, 54, 595–598.

35 Y. Mu and M. S. Si, Europhys. Lett., 2015, 112, 37003.
36 S. Lin, Y. Chui, Y. Li and S. P. Lau, FlatChem, 2017, 2, 15–37.
37 J. R. Brent, N. Savjani, E. A. Lewis, S. J. Haigh, D. J. Lewis and

P. O'Brien, Chem. Commun., 2014, 50, 13338–13341.
38 D. Hanlon, C. Backes, E. Doherty, C. S. Cucinotta,

N. C. Berner, C. Boland, K. Lee, A. Harvey, P. Lynch,
Z. Gholamvand, S. Zhang, K. Wang, G. Moynihan, A. Pokle,
Q. M. Ramasse, N. McEvoy, W. J. Blau, J. Wang, G. Abellan,
F. Hauke, A. Hirsch, S. Sanvito, D. D. O’Regan,
G. S. Duesberg, V. Nicolosi and J. N. Coleman, Nat.
Commun., 2015, 6, 8563.

39 M. Bat-Erdene, M. Batmunkh, C. J. Shearer, S. A. Tawk,
M. J. Ford, L. Yu, A. J. Sibley, A. D. Slattery, J. S. Quinton,
26100 | RSC Adv., 2021, 11, 26093–26101
C. T. Gibson and J. G. Shapter, Small Methods, 2017, 1,
1700260.

40 M. B. Erande, M. S. Pawar and D. J. Late, ACS Appl. Mater.
Interfaces, 2016, 8, 11548–11556.

41 J. Li, C. Chen, S. Liu, J. Lu, W. P. Goh, H. Fang, Z. Qiu,
B. Tian, Z. Chen, C. Yao, W. Liu, H. Yan, Y. Yu, D. Wang,
Y. Wang, M. Lin, C. Su and J. Lu, Chem. Mater., 2018, 30,
2742–2749.

42 T. Nilges, P. Schmidt and R. Weihrich, in Encyclopedia of
Inorganic and Bioinorganic Chemistry, 2018, pp. 1–18, DOI:
10.1002/9781119951438.eibc2643.

43 A. Ziletti, A. Carvalho, D. K. Campbell, D. F. Coker and
A. H. Castro Neto, Phys. Rev. Lett., 2015, 114, 046801.

44 J. O. Island, G. A. Steele, H. S. J. v. d. Zant and A. Castellanos-
Gomez, 2D Mater., 2015, 2, 011002.

45 Y. Huang, J. Qiao, K. He, S. Bliznakov, E. Sutter, X. Chen,
D. Luo, F. Meng, D. Su, J. Decker, W. Ji, R. S. Ruoff and
P. Sutter, Chem. Mater., 2016, 28, 8330–8339.

46 P. D. Matthews, W. Hirunpinyopas, E. A. Lewis, J. R. Brent,
P. D. McNaughter, N. Zeng, A. G. Thomas, P. O'Brien,
B. Derby, M. A. Bissett, S. J. Haigh, R. A. W. Dryfe and
D. J. Lewis, Chem. Commun., 2018, 54, 3831–3834.

47 M. T. Edmonds, A. Tadich, A. Carvalho, A. Ziletti,
K. M. O'Donnell, S. P. Koenig, D. F. Coker, B. Özyilmaz,
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