Volume 59
Number 43

28 May 2023
Pages 6427-6598

ChemComm

Chemical Communications

rsc.li/chemcomm

e
-«

ROYAL SOCIETY
OF CHEMISTRY

ISSN 1359-7345

FEATURE ARTICLE

Gonzalo Abellan et al.

Chemistry of two-dimensional pnictogens: emerging
post-graphene materials for advanced applications



Open Access Article. Published on 21 April 2023. Downloaded on 10/26/2025 9:32:58 PM.

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

(cc)

¥® ROYAL SOCIETY
PP OF CHEMISTRY

ChemComm

View Article Online
View Journal | View Issue

FEATURE ARTICLE

Chemistry of two-dimensional pnictogens:
emerging post-graphene materials for
advanced applications

’ '.) Check for updates ‘

Cite this: Chem. Commun., 2023,
59, 6453

Matteo Andrea Lucherelli, "2 1 Victor Oestreicher, 2 ¥ Marta Alcaraz® and

Gonzalo Abellan @ *

The layered allotropes of group 15 (P, As, Sb and Bi), also called two-dimensional (2D) pnictogens, have
emerged as one of the most promising families of post-graphene 2D-materials. This is mainly due to the
great variety of properties they exhibit, including layer-dependent bandgap, high charge-carrier mobility
and current on/off ratios, strong spin—orbit coupling, wide allotropic diversity and pronounced chemical
reactivity. These are key ingredients for exciting applications in (opto)electronics, heterogeneous catalysis,
nanomedicine or energy storage and conversion, to hame a few. However, there are still many challenges
to overcome in order to fully understand their properties and bring them to real applications. As a matter of
fact, due to their strong interlayer interactions, the mechanical exfoliation (top-down) of heavy pnictogens
(Sb & Bi) is unsatisfactory, requiring the development of new methodologies for the isolation of single layers
and the scalable production of high-quality flakes. Moreover, due to their pronounced chemical reactivity,
it is necessary to develop passivation strategies, thus preventing environmental degradation, as in the case of
bP, or controlling surface oxidation, with the corresponding modification of the interfacial and electronic
properties. In this Feature Article we will discuss, among others, the most important contributions carried
out in our group, including new liquid phase exfoliation (LPE) processes, bottom-up colloidal approaches,
the preparation of intercalation compounds, innovative non-covalent and covalent functionalization
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protocols or novel concepts for potential applications in catalysis, electronics, photonics, biomedicine or
energy storage and conversion. The past years have seen the birth of the chemistry of pnictogens at the
DOI: 10.1039/d2cc06337a nanoscale, and this review intends to highlight the importance of the chemical approach in the successful
development of routes to synthesise, passivate, modify, or process these materials, paving the way for their

rsc.li/chemcomm use in applications of great societal impact.

nitrides and carbides, layered hydroxides, layered oxides,
perovskites, 2D covalent-organic-frameworks, 2D-coordination

1. Introduction

The discovery of graphene at the beginning of this century" has
led to the development of research on two-dimensional (2D)
materials, giving rise to a range of different layered materials
with exciting properties that can be applied in fields such as
optoelectronics, energy conversion and storage,” catalysis,’
biosensors," or drug delivery,® to name a few. The conventional
production approaches encompass top-down and bottom-up
routes like micromechanical (WME) and liquid phase exfolia-
tion (LPE),° chemical vapour deposition (CVD) or pure wet-
chemical direct synthetic methods.” These methodologies have
been successfully used for the preparation of several transition-
metal dichalcogenides (TMD), transition metal phosphides,
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polymers or Mxenes.® Among these, the number of examples
of monoelemental 2D materials is much scarcer. Of special
interest are the elemental materials of group 15 of the Periodic
Table, the so-called pnictogens, constituted by the natural
elements: nitrogen, phosphorus, arsenic, antimony and bis-
muth, the so-called 2D-Pnictogens (2D-Pn).” The origin of the
name pnictogens, which can be translated as ‘suffocator
maker” —according to the suggestion of Dutch chemist Anton
Eduard van Arkel (1893-1976) in the early 1950s- came from
the Greek root word “pnikta”, which means ‘“suffocated
things”, mainly due to inability of gaseous nitrogen to support
life or combustion, which in German is Stickstoff, or “suffocat-
ing substance”, but also extended to phosphorus compounds
which, in aquatic ecosystems, might have an indirect suffo-
cating effect on aquatic life by inducing the overgrowth of
bacterias."’
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2D-Pn materials have witnessed increasing attention
because their properties can meet the limitations of graphene,
such as the absence of band-gap or the pronounced chemical
inertness, features that, for example, have precluded the devel-
opment of highly efficient electronic micro-devices. For this
reason, semiconducting 2D black phosphorus (bP) has
emerged as a promising alternative to fill this gap.” Moreover,
2D-Pn exhibit a great variety of physical properties like tunable
layer-dependent bandgap, ballistic transport, or strong spin-

orbit coupling, to name a few, thus making these materials very
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promising for (opto)electronic applications, like solar cells or
field effect transistors (FET) as well as for spintronic devices.’
Moreover, from a chemical point of view, 2D-Pn are also
particularly appealing due to their monoelemental nature
(which simplifies its study), their high specific- and
volumetric-capacities when used as electrode materials for
energy storage systems, or their excellent behaviour as hetero-
geneous catalysts.'" Altogether, 2D-Pn exhibits a wide range
of physical and chemical properties that can be exploited in
different applications of great social importance, however,
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several challenges related to its stability, processing or large-
scale production must be overcome.

Before guiding the readers to the nanoscale properties of 2D-
Pn, is it worth recalling their elemental bulk properties keeping
in mind to better trace the current research development. Their
first classification from the Periodic Table suggests a marked
difference between them, with N and P belonging to non-metals
elements, while As and Sb are considered metalloids and Bi a
metal. These last three members are commonly known as heavy
pnictogens. Elemental nitrogen is the only one that exists as a
molecular gas under environmental conditions, N,. In the case
of phosphorus, a wide variety of allotropes can be found,
ranging from molecular to extended solids. Specifically, white
phosphorus is an air-sensitive molecular solid composed of P,
entities.

Among the extended phases, while the red phosphorus is an
amorphous polymeric solid, the violet, black and blue phos-
phorus are crystalline structures, being bP the most stable one.
It is worth noting that black and blue phosphorus are layered
structures, also known as o and P structures, respectively.
Analogously, arsenic also can be found as a molecular solid
(As4, more stable than white phosphorus), showing both o- and
B-layered structures. Finally, antimony and bismuth elements
are mainly found as extended crystalline solids, being the f
form the most stable one.’

A
a-structure (orthorhombic)

View Article Online
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Concerning their layered structures, o-form exhibits an
orthorhombic disposition where the atoms are arranged in a
six-member rings pucked structure (Fig. 1A), while the B-form
displays a rhombohedral structure (Fig. 1B). Indeed, bP’s will
be mainly found in its a-form, while the other Pn members
exhibit the B-one. Additionally, the o and  structures affect the
bulk nature of their allotropes, as in the case of the heavier
2D-Pn that are characterised by strong interlayer interactions
(higher than in graphene) increasing from As to Bi, asso-
ciated with the corresponding increment of their metallic
character.”'? This aspect is crucial for 2D-Pn production, which
we will further discuss below.

From the chemical point of view, tabulated redox potentials
give a straightforward idea of the chemical reactivity in terms of
the redox reactions for bulk Pn, which can be easily visualised
in a Frost diagram (for sake of clarity N has been avoided).*
As depicted in Fig. 2, and calculated under acidic aqueous
conditions, negative oxidation states are available for all the Pn
members. In the case of the oxidation state (—3), the reducing
strength decreases from P to Bi in comparison with the zero
valent species. In the case of the highest oxidation state (+5), all
the Pn have positive reduction potential except P, showing its
particularly high tendency towards oxidation. Since Frost dia-
grams are based on reduction potentials measured in aqueous
solution, this can be considered as a first input pointing out the

B
B-structure (rhombohedral)

Fig. 1 Schematic representation of a- and B-layered structures of Pn. (A) Top and side views of the orthorhombic structure (Cmce space group),
corresponding to the most stable thermodynamic form of P as bP. (B) Top and side views of the rhombohedral structure (R3m space group),
corresponding to the most stable thermodynamic form of As, Sb and Bi. The insets show aberration-corrected STEM atomic-resolution HAADF images
(not corresponding with the orientation shown in the crystal structure sketches) measured at 80 kV of 2D-a-BP (Fourier filtered) and 2D-f-Sb,
respectively.?** Characteristic distances and angles according to the crystal structure.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Frost diagram for Pn elements under acidic aqueous conditions.
Image reproduced with permission from ref. 14.

different stability of bP in comparison to the other Pn analogues.
This results in the well-known oxophilic behaviour of phos-
phorus, which triggers the low environmental stability of bP.'?
In the case of the other pnictogens, the oxidation tendency
decreases from Bi to As, for both oxidation states: +3 or +5.

Furthermore, in the 2D limit, due to the presence of the
extra nonbonding electron pair in every single atom, the surface
of these layered materials can be considered as a massive
delocalized 5 electron cloud, endowing the materials with a
characteristic chemical feature. For instance, in the case of bP,
this behaviour could play the role of a soft nucleophile in
certain types of chemical reactions.'" This provides a charac-
teristic chemical reactivity to 2D-Pn that needs to be explored.
Additionally, as soon as the principal quantum number increases,
the radial distribution function of the p orbitals extends, thus
the interlayer interaction becomes stronger, making their exfo-
liation complicated. This effect, which can be rationalised as a
function of the out-of-plane:in-plane ratio, hinders the obtain-
ing of few-layer flakes with large areas by top-down techniques,
as generally demonstrated by Backes et al,® and even proved by
our group in the case of uME Sb flakes."®

Different is the case when the layered materials also present
electrostatic interactions, such as layered double hydroxides.
Here, the electrostatic energy is summed to the typical van
der Waals interlayer interactions observed in 2D materials.
Therefore, the delamination process required the stabilisation
of charged layers as well as the solvation of intercalated
7229 Along this article we will introduce the important
double role played by the solvent in Pn’s exfoliation process:

anions.
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physical (colloidal stability) and chemical (passivation, protec-
tive layer) stabilisation of the colloidal suspension.

With respect to the electronic properties of 2D-Pn, one of
the most interesting points is their acute band gap layer-
dependency. Indeed, bulk bP was reported to have a band
gap of ~0.31 eV, that increases with the reduction of the layer
number, reaching ~ 2 eV for monolayer bP.” This increment in
the band gap has been also calculated by DFT and reported
for the other Pn, showing from metallic (trilayer As, bilayer Sb,
and trilayer Bi) to insulator or semiconductor behaviour in the
case of the monolayer (2.49, 2.28, and 0.32 eV for As, Sb and Bi,
respectively).”*>??

Regarding preparation methods, the more established
approaches for other 2D systems such as graphene or TMDs
have been successfully used for the production of bP and
antimonene.”*> Interestingly, the isolation of 2D bP has
undergone a similar historical development as that of gra-
phene. Indeed, despite its discovery dating to 1914,® and its
crystallographic description to 1935, its introduction in the
realm of 2D material’s family took almost 100 years. Indeed, the
first isolation of single-layer bP (phosphorene) only occurred in
2014.> Considering graphene as a reference example, bP can be
produced by using common top-down techniques, including
liquid phase exfoliation (LPE),***° electrochemical exfoliation,* >’
and bottom-up methods, such as CVD,*® pulsed laser deposition
(PLD),*' and even solvothermal synthesis.*” Similarly, also for As,
Sb and Bi bottom-up and top-down approaches have been
developed, but in this case with disparate success.”>***° Indeed,
the exfoliation of Pn using top-down routes like LPE is less
efficient compared to other 2D materials. This is due to the
external energy (e.g. sonication) required to overcome the strong
interlayer interactions resulting in crystals breaking and down-
sizing (typically <300 nm in lateral dimensions), leading to non-
homogeneous sheet morphologies.®” As the interlayer inter-
actions increase along the group, highly anisotropic 2D-Bi flakes
will be extremely difficult to achieve by LPE or related top-down
approximations. Hence, the most promising route for the syn-
thesis of heavy Pn lies in the use of bottom-up approaches.***°
In fact, large-scale production of high-quality layered heavy Pn
has been demonstrated by colloidal synthesis,® a strategy that
relies on chemists’ background.

In this feature article, we will present the research contribu-
tion carried out by our group and close collaborators on the
emergent field of 2D-Pn nanomaterials emphasising the
chemical approach as a promising alternative for the synthesis
and investigation of their properties. To this aim, we are
proposing and will employ along the manuscript a careful
distinction of Pn’s production. Specifically, the term “synthesis”
will be only employed for bottom-up approaches, referring to
those methods involving molecular precursors and chemical
reactions.

The fil rouge across our work encompasses several aspects of
fundamental research on Pn materials that can be resumed as
follows: (i) production and chemical control, (ii) development
of fundamental knowledge on the characterization, and (iii) re-
search on the properties and applications of 2D-Pn. This article

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Main concepts discussed along this work. The production of 2D-Pn can be achieved using physical top-down approaches such as
micromechanical and liquid-phase exfoliation of macroscopic crystals. In addition, they can also be synthesized by chemical bottom-up approaches,
using molecular precursors, as occurs in the case of the colloidal route. Furthermore, the stabilisation and modification of the 2D-Pn properties can be
performed by both non-covalent (employing solvent or tailor-made molecules) and covalent functionalization through the generation of new Pn-X

chemical bonds (e.g.: P-C).

will guide the reader through 2D-Pn development, highlighting
our contribution to its research and presenting our vision toward
the future of these materials, discussing the key role that
chemists should play in this exciting research field (Scheme 1).

2. Controlled production and
environmental stability

2.1. Pnictogens production methods - top-down approaches

The first reports highlighting bP are from March 2014, where a
p-type field-effect transistor based on few-layer bP was devel-
oped. The bP crystals were firstly produced by transforming red
phosphorus into bP under high pressure and high temperature,
while micrometre-scale flakes owing thickness higher than
2 nm were obtained by peeling the aforementioned crystals
through Scotch tape-based mechanical exfoliation method.?
Fifteen days later, the monolayer limit (0.85 nm) was reported,
yielding the so-called phosphorene, also by mechanical
exfoliation,*’ exhibiting a well-defined thickness-dependence
behaviour on photoluminescence and Raman signals. Both
works pointed out the high sensitivity of bP to environmental
conditions in comparison to other 2D materials. Shortly after
the liquid-phase exfoliation of bP employing NMP was carried
out.>! This production method - further applied also to heavy
pnictogens — consists of the delamination of millimetric-sized
crystals of the element by application of external energy.
Commonly, the crystals are ground to reduce their size, dis-
persed in appropriate solvents, and subjected to sonication or
shearing forces, causing the layers separation as well as sheets
breaking. After centrifugation, a stable suspension can be
recovered, giving nanomaterials of different size, thickness, and
oxidation degrees, depending on sonication time, centrifugation

This journal is © The Royal Society of Chemistry 2023

speed, or solvent conditions (Fig. 3A).>*” In 2015, Coleman and
co-workers demonstrated the advantage of using N-cyclo-
hexyl-2-pyrrolidone (CHP) obtaining highly crystalline flakes
(Fig. 3B-E)."> Noteworthy, these dispersions typically exhibit
FL-bP flakes of ca. 10 nm in thickness and <500 nm in lateral
dimensions (Fig. 3F). Moreover, the employment of this solvent
was fundamental to improve bP stability under atmospheric
conditions, as will be discussed further in this text.

On the same pathway undertaken with bP, our group also
contributed to the fundamental development of Sb-based 2D
materials. Only a few months later after the first isolation of
UME Sb monolayer by Zamora’s group,** we demonstrated the
feasibility of the LPE approach for the 2D-Sb production.
By applying tip sonication in i-propanol/water (4:1) mixture
of grounded Sb crystals we were able to obtain few-layer Sb
dispersions. Interestingly, in both cases, the material resulted
to be stable for months under ambient conditions.**

Applying the knowledge developed for bP, we explored the
correlation between thickness and number of layers by means
of AFM and Raman spectroscopy. Our experimental observation
showed a pronounced decrease of the Raman intensity with the
number of layers, reaching silent spectra for the thinnest
flakes, in contrast to other 2D materials like graphene or boron
nitride. This decrease in the intensity was supported by DFT
calculations, however, the complete disappearance of the
Raman signal was related to the surface oxidation of the flakes
as explained below.

For the preparation of unoxidized few-layers Sb, the ionic
liquid (IL) 1-butyl-3-methylimidazolium tetrafluoroborate
(bmim-BF4) was used on the basis of its excellent oxidation
protection behaviour for FL-bP.'' Sonication of ground Sb
crystals dispersed in bmim-BF, was performed in an argon-
filled glovebox (<0.1 ppm of H,O and O,) to yield brownish,

Chem. Commun., 2023, 59, 6453-6474 | 6457
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Fig. 3 General scheme of the liquid phase exfoliation and sequential size selection through liquid cascade centrifugation (A). Photograph of a dispersion
of exfoliated FL-bP in CHP (B). Low-resolution transmission electron microscopy (TEM) images of FL-bP exfoliated in CHP. Scale bar: 500 nm (C). Bright-
field scanning transmission TEM (STEM) image of FL-bP. Scale bar: 2 nm (D). Butterworth-filtered high-angle annular dark field (HAADF) STEM image of
FL-bP (exfoliated in isopropanol) showing the intact lattice. Scale bar: 1 nm (E). Histogram of the apparent thickness of the exfoliated FL-b1P obtained
from AFM. Inset: Plot of the nanosheet length as a function of the flake height considering a total amount of 170 replicates. The average thickness is
H =115 4 0.2 nm and lateral sizes are ranging from 45 to 475 nm (F). Sb flakes Raman Ayg (1exc = 532 nm) mapping, where >14 000 single point spectra
over a surface area of 40 pm? using a step size of 0.5 pm have been recorded (G). Plot of the nanosheet length as a function of the flake height (obtained
from AFM), including the data corresponding to the control experiment for the ionic liquid, IL (H). Histogram of the apparent thickness of the exfoliated
FL-Sb obtained from AFM (sample size = 271). The inset shows an AFM image of a nanosheet along with its corresponding height profiles of ca. 4 and

18 nm, respectively. Inset, scale bar: 100 nm (l). Figure adapted with permission from ref. 15 and 42.

open-air stable suspensions of unoxidized FL-Sb nanosheets,
after removing the unexfoliated particles by a two-step centri-
fugation process. These samples exhibited median values of
310 nm in lateral dimensions and ca. 32 nm in thickness and
can be stored under ambient conditions over weeks with no
signs of degradation (peaks related to the formation of Sb,O; or
Sb,0s). This LPE strategy, which was initially developed for
bP,**** has been one of the few top-down routes allowing
isolation of FL-Sb without oxidation. Despite this, it has the
disadvantage of generating flakes with poorly defined morpho-
logies, incompatible with the preparation of dispositives,
although very useful for other applications beyond electronics.

Following up on these works, we performed an extensive
study on Sb LPE production, aimed to improve the lateral size
distribution as well as the exfoliation yield. Note that due to the
increment in the interlayer interactions in comparison to bP,
yields were lower than 1% - a common result for 2D materials
exfoliation. Thus, we carried out a systematic study on the
experimental conditions, considering from the pre-treating
protocols (manual grounding, dry and wet ball milling) to the
solvent selection and exfoliation methodology (tip or bath

6458 | Chem. Commun., 2023, 59, 6453-6474

sonication).”> We demonstrated that while NMP:water mixtures
enhance the final yield, 2-butanol increases the dimensional
anisotropy ratio (defined as the ratio between the length and
height of the nanolayers) (Fig. 3G-I). Interestingly, FL-Sb
obtained from 5:1 NMP:water mixture exhibits a lower oxida-
tion degree probably due to the formation of a protective layer
onto Sb flakes’ surface. Furthermore, when these Sb-based
samples are compared in terms of hydrogen evolution reaction
(HER) activity, the one obtained from 2-butanol exhibits better
performance probably due to the irreversible formation of
antimony oxide and the lack of a solvation protective shell.
Regarding 2D-As and Bi, their production was achieved with
similar, and often the same, production methods of 2D-Sb. In
example, shear force exfoliation using common kitchen blen-
ders in aqueous media was employed to exfoliate pnictogens
crystals, giving few-layer As, Sb, and Bi nanoplatelet.>* Besides,
this method induced oxidation of the exposed surface and
formation of Pn-oxides during the process. The same group,
in a following study, achieved the production of low-oxidised
and ultra-thin As sheets (2-4 nm) by LPE using NMP as
solvent,*® as previously demonstrated for bP."> Hang Qi et al.

This journal is © The Royal Society of Chemistry 2023
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elucidated by DFT calculation the interaction effect of arsenene
surface and solvents, to replace high-boiling point solvents and
simplify 2D-As processing. Low-boiling point solvents such
as THF, chloroform and cyclohexane were reported to have
the best absorption energy/transfer energy ratio, and yielded
slightly oxidised nanosheets with thickness between 33 to
49 nm.” In a very interesting study, Wu and coworkers
reported the production of the less thermodynamically stable
a-arsenene (called black-arsenene (bAs) over the most famous
bP). The researchers obtained layers of several micrometers of
lateral dimensions by uUME, and demonstrated that 2D-bAs
possess high anisotropies along AC and ZZ, directions in its
conductance, carrier mobility, and thermal conductivity.*®
In the case of bismuthene, bulk Bi is harder to exfoliate because
of its greater interlayer interactions. Indeed, to the best of our
knowledge, bismuthene pME exfoliation has not yet been
reported. Therefore, novel assisted exfoliation methods have
been developed, besides common LPE.* In one example, a new
exfoliation strategy combining water exfoliation with H,O0,/
H,S0, intercalation was developed.>® Sulfuric acid intercalation
occurs by means of hydrogen peroxide gas formation, which
expands Bi structure, facilitating the acid intercalation.
Furthermore, the nanosheets (average lateral size 735 =+
297 nm and thickness of 6.7 & 3.2 nm) were purified by solvent
exchange with NMP.

Table 1 summarises some of the most typical bottom-up
approaches for 2D-Pn production.

2.2. Controlled production of pnictogens nanomaterials

At this point of the discussion, the main limitation of top-down
approaches (and mainly LPE) applied to Pn production must be
highlighted. Despite the efforts reported on the materials’
optimization, pre-treatment, and solvents selection, the aspect
ratios are relatively small in comparison with other 2D materials
such as graphene. Within the group, these differences are also
more remarkable, mainly due to the increment in the interlayer
interaction when descending from P to Bi. Considering that the
aspect ratio of the exfoliated material is highly dependent on the
in-plane:out-of-plane forces,’” the increment in the interlayer
interactions for heavy Pn will make it difficult to obtain high
quality large FL Sb and Bi.

To date, one of the few examples of controllable top-down
approach is represented by the achievement of phosphorene
nanoribbons (PNRs).>" Howard and co-workers, by means of a
LPE approach, obtained monolayer PNRs with nanometric
width (4-50 nm) and length up to 75 pm, corresponding to
an aspect ratio up to 1000. The production follows a first step of
bulk bP intercalation with metallic lithium (detailed descrip-
tion of this method will be found at paragraph 3.2 covalent
functionalization, vide infra) followed by gentle shaking and
separation by sedimentation. The authors also suggest that the
breaks occur on longer P-P bonds in the zigzag direction, due
to increased strain between intercalated and non-intercalated
>L73 PNRs were further employed to produce hybrid
solar cells, acting as an effective charge-selective interlayer
by enhancing hole extraction from polycrystalline perovskite

zones.

This journal is © The Royal Society of Chemistry 2023
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to the semiconductor, as predicted in several theoretical investi-
gations.”*7®

As chemists, we consider that the solution for producing
large anisotropic 2D layers of heavy pnictogens will come from
bottom-up wet-chemical approaches.

Several examples of colloidal approaches controlling size
and morphology are present in literature. In the case of pnicto-
gens, generally Pn(m) salts and the common reducing agents
for metallic nanoparticles synthesis (e.g.: NaBH,, NaH, N,H,
oleylamine, and dodecylamine)”””® have been employed to
obtain of As,**”? Sb>**77? and Bi nanoentities.®*°””° Table 1
compiles some selected examples of these syntheses. Among
these, we would like to highlight a study exemplifying the great
potential of chemistry for on-demand controlling size and
morphology nanomaterials. Buhro and co-workers reported
the controlled synthesis of metallic -Bi spherical nanoparticles
(<25 nm), hexagonal nanoplatelet (ca. 100 nm) and nano-
ribbons (<50 nm width and >2 pum length) from a colloidal
point of view, exclusively.”> We envision that this pioneering
work represents a starting point for the synthesis of larger and
thinner Pn-based 2D nanomaterials.

Indeed, the first wet-chemistry colloidal synthesis for 2D-Sb
dates from 2019. Large hexagonal crystals of Sb exhibiting
lateral sizes up to 1.5 pm and thicknesses ranging from 5 to
30 nm were obtained by controlling the anisotropic growth in a
colloidal mixture of organic solvents.”® More in detail, the
synthesis of Sb-based hexagonal crystals consists of a two-step
hot-injection approach. Firstly, the precursor is prepared by
dissolving antimony chloride into a dodecanethiol (DDT) and
1-octadecene (ODE) mixture at 110 °C for 2 h under vacuum
conditions, and then heat up to 150 °C to trigger the reaction.
Afterward, the precursor is injected into a oleylamine (OA) and
ODE mixture at 300 °C, giving rise to the formation of the
hexagonal crystals.*® Less than a year later, in 2020, the same
authors reported a modified protocol that permits the synthesis
of both Sb and Bi well-defined crystals.*® From these two
pioneering works, our group set about optimizing the synthetic
parameters to produce high-quality few-layer Sb hexagons
(Fig. 4A).*° The accurate selection of the initial conditions allow
the tuning of size from 200-300 nm to 2-3 pm, and the
systematic analysis of the synthetic conditions revealed the
tremendous influence of the solvent used on their final surface
oxidation, being chloroform the most appropriate one for
keeping unoxidized surfaces (Fig. 4B-K). Furthermore, by
designing a continuous-flow synthesis reactor we achieved the
production of high-quality few-layer Sb hexagons in large
quantities (ca. 1 mg h™ " (Fig. 4L)). Additionally, we have tested
the electronic properties of our colloidally obtained Sb crystals,
which indeed compete favourably with those produced by
micromechanical exfoliation. These results highlight the role
of colloidal-based synthetic methods to produce a large number
of high-quality Sb crystals with the desired electronic proper-
ties. Later on, Torres et at.’® presented another synthetic
protocol for the isolation of hexagonal Bi micro-scale crystals
under milder conditions than those reported for Sb. These Bi-
based particles exhibit surface oxidation and present excellent
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Table 1 Morphological properties of selected nanoparticles and 2D-pnictogens obtained by top-down and bottom-up approaches

Morphology Size; thickness (nm) Preparation methods Ref.
P
Nanosheet ~1.5 micrometers (0.85 nm) UME 41
Nanosheet ~100-350 nm (3.5-5 nm) LPE 24
Nanosheet ~100 nm-3 pm (0.5-0.7 nm) LPE 15
Nanosheet 100-200 nm (1-15 nm) Solvothermal 32
Nanoribbons 75-1000 pm (4-50 nm) Intercalation of lithium ions 51
in ammonia based solvent
As
Spherical nanoparticles ~67 nm Colloidal 52
Nanoparticles 30-164 nm Colloidal 53
Nanosheets 100-900 nm Liquid-phase shear exfoliation 23
Nanosheets Several micrometers (2.9-3.5 nm) UME 48
Nanosheets (NS) NS: Several micrometers (3 nm) LPE 54
Nanodots (ND) ND: 100-350 nm
Nanosheets Several nm (5-12 nm) LPE 46
Nanosheets 100-1050 nm (33-49 nm) LPE 47
Sb
Nanoflakes 20-40 nm Colloidal (microwave-assisted 55
reduction using zinc powder)
Nanoparticles ~ 2.8-6.6 nm Colloidal (reduction with NaH) 56
Irregular and spherical ~24.2 nm (13.1-23.5 nm) Colloidal (hot-injection procedure) 57
nanoparticles Diameter of ~4.6 nm
Nanosheets Several micrometers UME 43
(below than 100 nm)
Nanorods 200-300 nm (50-80 nm) Colloidal (reduction with oleylamine) 58
Nanosheets Few micrometers (less than 20 nm) LPE (sonication in a mixture of 4:1 25
isopropanol/water
Quantum dots ~2.8 nm LPE (ultrasound probe sonication) 59
Nanosheets 40-300 nm (2-10 nm) LPE (wet-ball milling in 2-butanol and 42
liquid exfoliation using sonication
tip in 4:1 NMP/H20)
Spherical nanoparticles 34-42 nm Colloidal (reduction using NaBH4) 60
Quasi-hexagonal nanosheets 0.5-1 pm (~46 nm) Colloidal (hot-injection method using 38
alkyl phosphonic acids)
Nanosheets ~3 pm (less 2 nm) Pressurized alloying exfoliation 61
Hexagonal nanosheets 0.5-1.5 pm (5-30 nm) Colloidal (hot-injection method) 39
Hexagonal nanosheets ~6 pm (4-20 nm) Colloidal (continuous-flow procedure) 40
Bi
Spherical nanoparticles 11-22 nm Colloidal (hot-injection procedure) 62
Nanowires and nanoflowers nanoparticles ~20 nm Colloidal (solvothermal method) 63
Nanoparticles 40-80 nm Colloidal (using hexadecyl amine 64
as reducing agent)
Spherical nanoparticles ~4 nm Colloidal (with ocatadecylene/oleic acid) 65
Nanoparticles (NP) NP: 10-50 nm Colloidal (reduction reaction using 66
Nanobelts (NB) NB: several pm (10-100 nm) NaH,PO,-H,0)
Spherical (S), cubes (C) and triangular (T), S: 20-200 nm of diameter Colloidal (polyol process) 67
and nanobelts (NB) nanoparticles C: 60-80 nm of edge length
T: 200-500 nm
NB: ~80 um (0.6 um)
Quasi-hexagonal nanosheets 100-500 nm Colloidal (hot-injection method using 38
alkyl phosphonic acids)
Hexagonal nanosheets 0.5-7.5 pm (below 20 nm) Colloidal (hot-injection method) 68
Nanosheets ~20 nm (2 nm) Tonic liquid assisted exfoliation 69
Nanosheets ~0.8 um (~4 nm) Sonochemical exfoliation 49
Nanosheets 735 4+ 297 (6.7 &+ 3.2 nm) Acid intercalated exfoliation 50
Nanosheets 50-200 nm (~9 nm) Electrochemical exfoliation 70
Irregular shape nanoparticles (I), I: 80-120 nm Colloidal (solvothermal procedure 71
quasi-hexagonal nanosheets (H) H: 700-900 nm (7-12 nm) using hydrazine)
and spherical nanoparticles (S) S: 10-19.4 nm
Dots (D), nanoplates (Np), nanorods (Nr) D: 30-45 nm Colloidal 72

Np: ~50 nm to ~100 nm
Nr: ~20 nm X ~80 nm

mechanical and electrical properties that can be employed in
NADH sensors, where Bi material acts as an electrocatalytic
platform owing to a high charge transfer during donor-accep-
tor processes.

As a summary of this part, we would like to confront the
efficacy of Pn production methodologies. Table 1 summarises
the main morphological characteristics of Pn produced by top-
down and bottom-up approaches, highlighting the importance
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intensity with optical micrograph given as inset (D). Raman signal comparison of bulk antimony and Sb hexagonal nanosheet (E). Typical XPS line spectra
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components. Individual contributions from the fitting are highlighted (F). HAADF STEM image of an individual nanosheet (G). Coloured high-resolution
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Scale bar of 5 nm (H). EEL spectrums of FLA hexagon dispersed in chloroform (black) and dispersed in IPA (red) (I). Typical XPS line spectra of FLA
hexagons synthesised by continuous flow procedure dispersed in chloroform (J). Typical XPS line spectra of FLA hexagons synthesised by continuous
procedure dispersed in IPA (K). Schematic representation of continuous flow synthesis (L). Figures adapted with permission from ref. 40.

of colloidal synthesis as the most efficient and reproducible
approach for the production of heavier 2D-Pn.

2.3. Black phosphorus environmental stability

Research on bP has been marked since the first studies
published by its low stability under ambient conditions, regard-
less of the production method, affecting the material by fast
decomposition due to oxidation.’’ At the very beginning,
several researchers attributed the droplet formation on bP sur-
face to the water condensation due to air moisture presence.®*%?
Nonetheless, some works demonstrated that the use of deaer-
ated water or solvents diminished the material decomposition.
Indeed, this environmental degradation was due to the chemi-
sorption of O, onto bP surface that induces its dissociation
triggering the oxidation of the pristine material by the formation
of PO, species. Then, the presence of water leads to the
formation of phosphoric acid and as a consequence the solubi-
lization of these formed species promotes degradation.

In this framework, in collaboration with Prof. Coleman’s
group, we investigated whether it was possible to use new
solvents capable of promoting exfoliation and at the same time
preventing bP oxidation." For instance, CHP was found to be a
good candidate to exfoliate bP under ambient conditions,
allowing the preparation of suspensions of stable bP flakes
for days (Fig. 5), much longer than the first observation of ca.
1 hour of stability for tME flakes.*" Motivated by this result,

This journal is © The Royal Society of Chemistry 2023

sodium cholate, was also employed as surfactant due to its well-
known role as an exfoliating agent in water-based mixture.**?
Nevertheless, besides bP exfoliation can be carried out success-
fully, the reported stability is much lower in comparison to that
obtained with CHP. Thus, it was hypothesised that the stabili-
sation relies on the ability of CHP to form a solvation shell on
top of the bP surface. Keeping this in mind, the solvent/
surfactant selection must cover two important aspects: (i) be
able to exfoliate and prevent reaggregation of the sheets, as it
was usually thought for 2D materials in general; (ii) protect the
surface from oxygen interactions by forming a compact protec-
tive layer (solvation layer), avoiding further degradations.
Hence, this fact limits the number of solvents or surfactants
that can be employed for the successful preparation of bP
suspensions.

As the rapid oxidation of bP is one of the major limitations
for the characterization of this material, with the group of Prof.
Hirsch we developed a methodology based on statistical Raman
spectroscopy (SRS) to monitor the degradation of few-layer
bP.** Employing the influence of bP anisotropy on A;y/A,,
Raman band (indicative of the oxidation state),">** we com-
pared SRS with AFM measurements. Data were collected every
24 h, showing clear evolution of Raman bands ratio along time,
more pronounced after 72 hours. The development of A;4/A;,
ratio distribution as a function of time allowed to follow the
environmental degradation of bP, showing an exponential

Chem. Commun., 2023, 59, 6453-6474 | 6461
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Fig. 5 bP flakes obtained by LPE employing CHP as solvent: mean Raman spectra (lexc = 633 Nm) summed over the region of an as-prepared sample as
a function of exposure time. Spectra are normalised to the silicon peak at 521 cm™. Inset: Raman Aqq intensity map of the sample region (A). Sequence of
AFM images of the same sample region of an as-prepared sample, and after 1, 4 and 11 days of exposure to ambient conditions, respectively (scale bar,
600 nm) (B). TEM images of the same flake deposited from a freshly prepared dispersion and after 16 days (C). Figure adapted with permission from

ref. 15.

decay trend of the Raman band ratio intensity. Additionally, the
same study also demonstrated that visible light can promote a
faster degradation process. In addition, we were able to demon-
strate the important role played by both flake thickness and
lateral dimensions in bP oxidation kinetics, an important
aspect to consider when comparing results.

Once understood how to control the bP degradation, this
oxidative behaviour was employed as a soft chemical exfoliating
tool to reach the monolayer bP. Indeed, by exposing micro-
mechanical pre-exfoliated bP under ambient conditions, fol-
lowed by washing with deoxygenated water, the bP thickness
can be reduced layer-by-layer following iterative cycles. It is
worth mentioning the quality of the obtained flakes is good
enough to prepare FET showing competitive mobility values.®®
Furthermore, to achieve high-quality unoxidized few-layer bP by
LPE it is recommended to work under inert conditions, and
preferably using NMP as a solvent and an Ar-filled glove-box
(<0.1 ppm O, and <0.1 ppm H,0), avoiding oxidation and
decomposition of the catalyst.'> Afterwards, to avoid the
presence of NMP-which precludes a proper characterization
of the flakes by AFM, among other fundamental techniques-the
FL-bP can be transferred to THF by sequential ultracentrifuga-
tion and re-dispersion using increasing centrifugation speeds,
leading to stable dispersions with <0.01 wt% of NMP, and
absence of oxidation, evaluated by the A;4/A;, > 0.4 intensity
ratio statistics (average 0.79).5°

2.4. Antimonene environmental stability

In general, one of the issues that has generated the most
controversy in the preparation of antimonene has been deci-
phering whether the environmental stability of the material is
intrinsic or due to a passivation effect as a consequence of
superficial oxidation. The first indications pointing to this
possibility date back to 2017 when we published a paper on
the functionalization of antimonene (prepared both by uME

6462 | Chem. Commun., 2023, 59, 6453-6474

and LPE),*” but it was not until 2020, when we published the
first systematic experimental and theoretical works investi-
gating the formation of antimony oxide species during LPE
production, unveiling the important role of oxidised species in
2D-Sb stabilisation and electronic properties.'®*®*° Specifi-
cally, the exfoliation of Sb in water:i-propanol mixture was
carried out, and the obtained materials were characterised at
different times to follow the time evolution of the Sb oxidation.
XPS analysis revealed an increasing amount of oxygen during
the LPE process, exhibiting a combination of absorbed oxygen
and antimony oxide. The spectra deconvolution allowed us to
discern antimony oxidation states, starting with Sb,O; for-
mation after only 5 minutes sonication and followed by Sb,05
after 20 minutes. The last aliquot after 40 minutes showed the
saturation of oxide species, with the predominance of adsorbed
oxygen and hydroxides formation. The samples prepared at
different times were further annealed in ultra-high vacuum
(UHV) at 210 °C, to remove impurities due to solvents and
absorbed oxygen. The annealing process exhibited a significant
increase of Sb® content, together with the absence of Sb,0Os.
Ultraviolet photoelectron spectroscopy (UPS) was carried out on
the annealed and non-annealed samples, to obtain insight into
the valence levels. After annealing, the valence band of the
three samples showed a peak at ~1 eV from the Fermi level and
an increase in the intensity near 0.5 eV, resulting in a semi-
conducting behaviour with a bandgap of approximately 1 eV.
To gain further information about this oxidised layer, DFT
calculations on Sb,O, species were performed, developing a
model for antimony oxide on which the oxygen atoms are
incorporated in the sheets (type II in Fig. 6A).

We hypothesise that the formation of a superficial antimony
oxide layer, different to what was demonstrated for bP,* can
protect the material from further oxidation. Moreover, these
layers are semiconducting, with direct and indirect band gaps
between 2.0 and 4.9 eV. Based on these calculations and the

This journal is © The Royal Society of Chemistry 2023
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experimental data, we believe that the formation of layered
heterostructures of semimetallic FL-Sb coated by semiconduc-
ting 2D Sb,0; layers can naturally be formed (Fig. 6B).*°
In addition, the frequencies of Raman-active vibrational modes
of these species were calculated, providing clear fingerprints for
the identification of antimonene oxides, and showing good
agreement with our experimental findings. Moreover, these
studies rule out the formation of antimonene oxides consisting
of the formation of Sb=—0O bonds [type (I)], leading in turn,
to oxygen atoms incorporated into the antimonene sheet
[type (1D].*

Along this front, we studied the photothermal oxidation in
antimonene. For this we used pME Sb-based nanosheets using
viscoelastic adhesive film with high sticking coefficient, con-
fronting the tape with a second piece of adhesive film while
pressing and rapidly releasing from each other in an iterative
process. This exfoliated material consisted of polygonal shapes
with smooth surfaces and sharp edges, showing atomic terraces
of ca. 1 nm and thickness in the range of 15 nm. Interestingly, a
linear temperature dependence of the position of the Raman
modes was observed, explained by the phenomenon of
anharmonic lattice vibrations mediated by phonon-phonon
interactions (Fig. 7A and B). We extracted the first-order tem-
perature coefficients for the A;, and E; modes y = —0.027 and
% = —0.025 cm ' K~ ' (Fig. 7C), respectively, and estimated a
thermal conductivity value of ca. Kg, = 90 W m™ ' K. For that,
we fixed the laser power to 0.88 mW, in order to avoid laser-
induced oxidation. A phenomenon that starts at 593 K leads
to the appearance of the Raman signals associated with the
surface formation of the o-phase of antimony oxide (a-Sb,03).

This journal is © The Royal Society of Chemistry 2023

This observation falls in line with the reported low lattice
thermal conductivity of antimonene and suggests a high figure
of merit for application in thermoelectric devices, being
described by a combination of laser power- and wavelength-
dependent studies with a numerical heat transfer model
(Fig. 7D-F). Moreover, by adjusting the laser power and using
a spatially resolved Raman mapping, it is possible to control
the surface photo-oxidation of antimonene (Fig. 7G-H) paving
the way for the experimental realisation of arbitrary hetero-
structures of Sb,0;/antimonene. These exotic structures exhibit
great potential in optoelectronics, promoting the cytotoxicity of
cancer cells and even improving the catalytic activity towards
different reactions.'®

3. Pnictogens functionalization

As developed for other materials, it is expected that the Pn
properties can be tuned by rational chemical functionalization
of their surfaces. Covalent and non-covalent functionalization
were largely investigated for graphene and other 2D materials,
proving the capability of chemistry to improve their processing,
introduce new functionalities,”® tuning their band gap®' or
improving biocompatibility,”* to mention a few.’>°* Besides
both kinds of functionalizations can enhance stability and
modulate electronic properties, the main difference between
them lies in the new chemical bonds created between super-
ficial pnictogen’ atoms and the functionalizing molecules,
altering the structural integrity.”>°® For that, these two appro-
aches will be discussed separately.
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3.1. Non-covalent functionalization

Whatever the selected approach, the obtaining of 2D-Pn leads
to an increment of the surface area and therefore their intrinsic
reactivity. For instance, when this process occurs in presence of
O, it provokes their oxidation, affecting the electronic proper-
ties of Pn. Thus, as a first alternative to enhance the Pn’s
stability, we should focus on the active lone pairs of electrons
located on every surface atom, which marks the soft nucleo-
phile tendency, as in the case of bP. Taking this into account,
we developed with Hirsch and co-workers the first non-covalent
functionalization of FL bP by employing extended electron-
poor aromatic molecules (Fig. 8A)." In this contribution, both
7,7,8,8-tetracyano-p-quinodimethane (TCNQ) and a tailor-
made perylene diimide (PDIs) molecule have demonstrated to

6464 | Chem. Commun., 2023, 59, 6453-6474

stabilise the bP flake by forming a strong and compact protec-
tive layer, also evidenced by a considerable electron transfer
from bP to the TCNQ organic dopant. Additionally, we also
demonstrated that the increment of planar aromatic groups in
the side-chains as well as its structure promotes stronger van
der Waals interactions with bP surface, affecting the packing
of PDIs. Specifically, we have synthesised tailor-made PDIs
having peri-amide aromatic side chains, including phenyl and
naphthyl groups. The novel naphthalene-containing PDI-R3
exhibited (after the interaction with bP) significantly increased
adsorption energies and vdW contributions to the adsorption
energies, as predicted by our DFT calculations (Fig. 8B-H).
Interestingly, by this approach harder structured packing of
surface protective molecules can be achieved resulting in an

This journal is © The Royal Society of Chemistry 2023
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interaction.'®*”

increment of both environmental and thermal stability.
Furthermore, beyond n extended molecules, we also showed
that the oxidative mechanism can be prevented using ionic
liquids, as predicted by molecular dynamics.”” Specifically,
BMIM-BF, (1-butyl-3-methylimidazolium tetrafluoroborate)
protects similar to CHP the bP surface from the action of O,
and water.”> The physisorption of ionic liquids promotes the
stabilisation by the formation of a physical protective layer but
also by removing reactive oxygen species generated during the
degradation of bp.?®

Analogous results were demonstrated by other groups
keeping in mind the typical donor-acceptor Lewis acid-base

This journal is © The Royal Society of Chemistry 2023

192 For instance, acid cations such as Ag", AI**
and Ga®* salts have been successfully employed to increase the
stability of bP under atmospheric conditions, preserving the
electronic properties.'®*%*

Besides these pioneering contributions mainly based on bP,
the research on non-covalent functionalization of the other
Pn’s members is currently under investigation. In 2017, we
performed the first study on non-covalent functionalization of
UME and LPE Sb flakes with PDI molecules (Fig. 81).>” Scanning
photoelectron microscopy cooperatively with DFT calculations
suggest a much stronger interaction of Sb-PDI hybrids in
comparison to bP-PDI ones, resulting in a 2-fold larger
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cc06337a

Open Access Article. Published on 21 April 2023. Downloaded on 10/26/2025 9:32:58 PM.

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

(cc)

Feature Article

charge-transfer process, demonstrating the role of non-covalent
functionalization on the electronic properties. Recently, the
supramolecular functionalization of LPE Sb flakes with oligo-
nucleotide has been carried out allowing the first steps to DNA
sensor development.'®® Recently, Rao and co-workers have
applied pure inorganic acid-base Lewis interactions with dif-
ferent moieties to enhance Sb and Bi stability."®” Thus, non-
covalent functionalization arises as an effective tool for Pn
protection, keeping intact the crystalline structure and preser-
ving the electronic properties.

3.2. Covalent functionalization

Black phosphorus functionalization through alkali metal
intercalation. The covalent functionalization of Pn materials
is related to the chemistry of each Pn member, not being
possible an easy generalisation. Regarding bP, a first clue about
its reactivity is given by its observed oxophilicity, which deter-
mines the tendency to oxidation, suggesting a strong potential
reactivity of the material. The external electronic configuration
of P is 3s® 3p®, corresponding to three in-plane bonds and a
lone-pair out-of-plane of the layer. When interlayer energies are
minimised after exfoliation, the lone-pair is free to react, and
bP can be seen as a soft nucleophile.”> Moreover, covalent
functionalization is supposed to be a surface passivation-
controlled method itself, increasing the stability of the material
to ambient conditions. Hersam’s group, in 2016, was the first
one to report the covalent functionalization of bP and prepare
some FETs devices with improved ambient stability.'® In the
study, FL-bP obtained by mechanical exfoliation was deposited
onto Si/SiO, substrate and functionalized through diazonium
salts chemistry. DFT corroborates their observation, theorising
the presence of thermodynamic stable phosphonium units of
bP in the final structure, improving the stability of the material.
Further to this study, well-known functionalization approaches
were transferred to bP, e.g. iodonium salts and azides, among
others."® Along this front, we carried out in 2019 the first bulk
reductive functionalization of bP based on the well-established
alkali metals graphite intercalation compounds (GICs). This
procedure, also known as the reductive route, was previously
developed to enhance graphene functionalization."**""" 1t is
worth highlighting that the potential of the reductive route lies
in the possibility of performing exfoliation and functionaliza-
tion in a single step, resulting in higher yields and improved
sample homogeneity from an overall point of view. For that we
first developed a novel family of bP intercalation compounds
(bPICs) with metallic Na and K, demonstrating how these
species can be used to covalently functionalize bP with different
organic molecules (Fig. 94).”> 1113

Firstly, the bPICs formation was investigated by in situ XRD
and Raman spectroscopy, respectively showing change from
AB to AC stacking for intercalation compounds, as well as a
series of novel Raman active modes, in agreement with DFT
calculations.” Starting from that base, we demonstrated the
feasibility of bP functionalization with organic molecules
through the reductive route (Fig. 9B).""> To get insight into
the reactivity of bPICs, the reaction was followed in situ by
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Raman spectroscopy, evaporating in ultra-high vacuum condi-
tions the hexyl iodide molecule in the reactor. The evolution of
Raman spectra showed the arising of new active modes below
500 cm ' (145, 210, 270, 320, 405 cm ™ ') (Fig. 9C-E). Additionally,
through DFT calculations the effect of the functionalization
on bP was evaluated. Interestingly, and contrary to what was
expected (i.e. the formation of phosphonium sites), the for-
mation of P-C bonds causes the lattice opening due to the
cleavage of some P-P bonds (Fig. 9F) (observed by structure
relaxation and by the increasing of the length of P-P bond
close to P-C bond, from 2.26 to 2.83 A). This process was
demonstrated, by using a combination of several spectroscopic
techniques, to be reversible after thermal-induced retro-
functionalisation.

Regardless of the covalent functionalization method used, it
is necessary to quantify the degree of functionalization to have
control over the properties of the material. Generally, destruc-
tive techniques such as elemental analysis (EA) or thermogravi-
metric analysis (TGA) are often employed, however, both require
relatively high quantities of the solid material and have several
limitations. To solve this situation, we developed a simple
quantification method based on statistical Raman spectroscopy
(SRS), correlated to quantitative magic-angle-spinning *'P
solid-state NMR (*'P-MAS NMR) as a reference technique.'"*
We discovered that the evolution of C-H (2900 cm ') and P-C
(645 cm ') signals in comparison to A,, bP one (446 cm ™),
expressed as IC,H/IAZg and IP,C/IAZg ratios, directly depends on
the functionalization degree (analogously to the Ip/Ig ratio
employed in graphene chemistry)."'® It is important to remark
here that the use of statistical Raman spectroscopy (SRS) allows
for a simple and quick characterization of bP materials, not
possible to achieve before without the use of more complex
techniques. Indeed, we strongly recommend the use of SRS for
2D-Pn materials characterization since single-spectra analysis
could induce misinterpretations. Thus, mapping large area
surfaces, measuring, and analysing in an automatic way hun-
dreds (or thousands) of spectra, will provide a better under-
standing of the material quality, avoiding possible bias. Despite
the good results on bPICs functionalization employing alkyl
iodide salts, not every reagent can be used to functionalize bP
intercalation species. Aimed to improve the low yields shown by
the neutral route with diazonium salts, we investigated the
applications of these reagents to the reductive route. Surpris-
ingly, after the reactions, bP was not showing the presence of
functionalization. On the other hand, the material presented
drastic structural evolution, with loss of crystallinity and for-
mation of amorphous red phosphorus structures, where prob-
ably this process is promoted by intermediate radical centres
on the P-lattice."*?

3.3. As, Sb and Bi covalent functionalization

Regarding the other Pn’s members, it is worth noting their
covalent functionalization proceeds through the formation of
bonds with semi-metallic and metallic elements. Despite the
great interest in Pn materials, the reports are scarce, and only
a few examples can be found in the literature about these

This journal is © The Royal Society of Chemistry 2023
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according to the proposed reaction mechanism, of bP upon covalent modification with methyl iodide (F). Figures adapted with permission from ref. 112

and 114.

materials. Pumera’s group covalently modified 2D-As using
chlorocarbene generated from organolithium and dichloro-
methane, yielding to the introduction of chloromethylene
group. 2D-As employed was previously exfoliated by high-
energy shear force milling. The researchers proposed a multi-
step mechanism of functionalization, consisting first on the
interaction between the 2D-As lone-pair with carbene empty
orbital, followed by a rearrangement of arsenene bonds. Proofs
of the occurred functionalization were obtained by HR-TEM
coupled with EDS elemental mapping (energy-dispersive X-ray
spectroscopy), XPS and FT-IR analysis, showing high carbon
content on the materials and low oxidation degree. The
functionalization caused a strong luminescence increase on
the functional materials, suggesting a possible use in the

This journal is © The Royal Society of Chemistry 2023

optoelectronic field."'® Direct covalent functionalization of Sb
and Bi was recently reported by Rao and coworkers by means of
two different approaches, one inorganic using Lewis acids,""”
and one organic employing diazonium salts as reacting
species.'” In the first example, Lewis acid of 12 and 13 group
(e.g- AlCl3, InCl;, CdCl; etc.) reacted with 2D-Sb and Bi, yielding
Lewis acid-base adducts, with the corresponding changes in the
bonding environment along with lattice distortion and rehy-
bridization of the band structure. This investigation lays its
bases on the fundamental principles of Lewis acid-base theory,
remarking again the importance of chemistry in the approach
to pnictogens 2D materials. Interestingly, a red-shift of Raman
band was observed, caused by structure distortion and charge
transfer.'”” In a second article, published a few days later by the
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same group, the authors demonstrate the possibility to func-
tionalize both, 2D-Sb and Bi, with diazonium salt compounds.
Exfoliated few-layers Sb and Bi were mixed in acetonitrile with
pre-synthesized p-nitrobenzene diazonium salt (p-NBD). This
compound exhibits a reduction potential of <0.03 V, and can
be spontaneously reduced by compounds with potentials
<0.06 V (Sb and Bi shows 0.212 and 0.317 V, respectively).'*”
Mechanistic studies indicate the functionalization to occur by
transfer of a lone pair on Sb or Bi to p-NBD, proposing (in the
case of pnictogens) a predominantly cationic mechanism.
Following a different approach, Xie and coworkers functiona-
lized 2D-Sb exploiting the chemistry at hydroxyl groups com-
monly present on antimonene nanomaterials instead of direct
surface modification.’*® In their work, silane-derivatives bear-
ing epoxy groups (3-glycidoxypropyltrimethoxysilane) were
employed to functionalize few-layer antimonene. Open-ring
epoxidation reaction occurred at hydroxyl groups of antimo-
nene, using aluminium(m) acetylacetonate as catalyst. The
obtained Si-antimonene was then employed to produce hybrid
gel glasses by silane hydrolysis and a polycondensation
reaction.’® In overall, controlled functionalization methodo-
logy of heavy pnictogens remains an open field that still
presents room for a large improvement, permitting tunability
of 2D-Pn properties, as well as atmospheric stability increase
and introduction of new features. Moreover, the unambiguous
identification of the covalent bonding remains an open chal-
lenge for the heavy pnictogens, this being a still premature
topic. Indeed, the role of binding molecules on the Pn surface
through Pn-X bonds with the crystal structure (e.g.: lattice-
opening) as well as the modification of the electronic properties
should be studied in greater depth to better understand the
properties of these materials.

4. Pnictogens applications

As pointed out above, 2D-pnictogens exhibit a series of out-
standing properties, which are ideal prerequisites for very attrac-
tive applications. Although the development of 2D-pnictogens-
based applied technologies is still in its infancy, promising
transistors, high-performance sensors, double-gate MOS-FETS,
spintronics and optoelectronic devices, energy storage systems
or applications in biomedicine have been proposed.’®''* >3
In this sense, our contribution to Pn development is not only
limited to their fundamental properties and characterization
techniques. Herein we are going to show some representative
examples of Pn applications carried out in our group, we do not
intend to be exhaustive, but merely to stimulate research in
these directions by showing some interesting examples.

One of the most promising fields of application for Pn is
(opto)electronics, especially in the case of bP, since it presents a
layer-dependent bandgap. The development of bP-based field
effect transistors (FETs) has always gone hand in hand with
different strategies to preserve the devices from environmental
degradation. Along this front, the noncovalent functionaliza-
tion stands-out as one of the most promising ones. Indeed, a
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significant surface passivation can be obtained by using opti-
mised tailor-made PDI molecules endowed with aromatic end-
groups, allowing the creation of the first environmentally stable
hybrid bP FETs device showing a hysteretic charge balance
behaviour. The preservation of the electronic properties of bP is
clearly reflected in the values of charge carrier mobilities
comprised in the 130-140 cm”® V' s' range corroborating
that the use of these PDIs is optimal to preserve the electronic
properties of bP (Fig. 10A-D).”°

As previously shown, 2D-Pn exhibit a large chemically active
surface and pronounced ability to adsorb and stabilise unsatu-
rated organic molecules through van der Waals interactions.
Owing to the control and stability against oxidation achieved on
bP and Sb production we were able to investigate their potential
for catalytic applications in organic chemical reactions for the
first time. In 2019, we demonstrated how few-layer bP and Sb
can catalyse the alkylation of soft nucleophiles with esters
(Fig. 10E and F)."* The materials, produced by LPE and stabilised
with bmim-BF, ionic liquid, exhibited good catalytic activity for
alkylation of soft nucleophiles with alkyl esters, with good
performance for aromatic substrates. In addition, it was shown
that the employment on Pn allows mild reactions conditions,
avoiding superacid-mediated alkylation and permitting alkyla-
tion with substrate containing acid-sensitive moieties.

Moreover, in the particular case of bP, the availability of the
P surface atom orbitals for external reactants together with the
cooperativity of the atomic network and the possibility of
reversible lattice opening (i.e. breaking temporarily P-P bonds)
to exchange one electron,'** would make, in principle, this 2D
material a potential catalyst for radical reactions. In a detailed
study with Leyva-Perez and co-workers, we demonstrated that
FL-bP catalyses with extraordinary activity different radical
additions to alkenes with an initial turnover frequency (TOF,)
up to two orders of magnitude higher than other metal complex
catalysts at room temperature.®® Moreover, this value was
almost doubled when sodium BIPCs were employed. Comparison
with other nanomaterials and their reduced forms (including
graphene intercalation compound KCg and Fe® vs. Fe*~ com-
plexes) indicates a marked increase of catalytic activity when the
catalyst is negatively charged. These results represent a very
promising starting point for the development of novel 2D radical
catalysts based on p-block elements, and also reveal the impor-
tant role played by the reactivity of these materials in their
interaction with other substances, a chemical behaviour clearly
different to that of graphene.

2D-Pn also demonstrated promising optical properties.
Indeed, both Sb and Bi nanosheets were reported having non-
linear optical response, nonlinear refraction, and nonlinear
scattering, to be potentially employed on photonic devices,
laser protection devices, and all-optical Kerr switches. Example
of this is represented by the previously mentioned silane-
functionalized Sb nanosheets. The covalent functionalization
improved their dispersibility in polymeric matrix, to which the
material was covalently bonded during reaction. The produced
gel glass showed strong and ultra-broad-band OL performance
at 532-2150 nm.""® 2D-Bi nanosheets dispersed in NMP, were

This journal is © The Royal Society of Chemistry 2023
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Microscope image of the processed bP field-effect transistor. The current is sent through the source and drain contacts while the 4-probe voltage is
measured between the contacts 4pl and 4p2 (B). 4-Probe current-voltage (/I-V) measurements on a bP field-effect transistor for various gate voltages
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conductance is obtained and displayed in (D). The gate-voltage sweep presents a hysteresis with two branches (blue and red curves) with a seamless
closure at Vg = 0 V (D). Catalytic studies by employing Pn materials. Experimental evidence and proposed mechanisms for bP, Sb, and superacid triflic
acid (HOTf) catalysed-alkylation of nucleophiles with esters in ionic liquid (E). Plausible mechanism for the bP and low valence Fe-catalysed atom-
transfer radical addition (ATRA) and polymerization (ATRP) reactions (F). Electrochemical characterization in terms of HER for Sb-based materials
obtained through different sonication methods. LSV curves of the different Sb-based samples, Nafion modified glassy carbon and platinum blank (G).
Tafel slope values (H) and overpotentials required for achieving 10 mA cm™2 calculated from LSV data (). CV curves recorded after LSV measurements of
Sb-BuOH (J) and Sb-NMP (K). The study of the parameter affecting the formation of the sodium/black phosphorus intercalated (bPIC) phase via solid-
state reaction can provide fundamental details towards sodium-ion batteries based on Pn material electrodes (L). Figure adapted with permission from
ref. 86, 44, 42, 99 and 113.

dropped onto a gold mirror, exhibiting a nonlinear absorption
coefficient of —3.9 x 107! mW !, and demonstrated the

interesting. With respect to energy conversion, Sb has been
employed as electrocatalysts for water splitting, with special

potential to substitute semiconductor saturable absorber
mirrors, especially in the NIR region.>®

If there is a field that has received a great deal of attention in
recent years, it is energy. In this sense, 2D materials, and 2D-Pn
in particular, have several properties that make them especially

This journal is © The Royal Society of Chemistry 2023

focus on hydrogen evolution reaction (HER) in acid media.*?
For that, Sb-based materials obtained through LPE using
different solvents and wet-ball milling processes have been
obtained. Interestingly, we discovered that the preparation
protocol triggers different oxidation degrees on the final
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materials, which results in marked differences in terms of HER
performance. Indeed, the higher the surface oxidation, the
better obtained overpotential values, and Tafel slopes. This is
particularly the case for the samples prepared using BuOH,
which exhibited better exfoliation and anisotropic ratio yielding
a large number of edges and electroactive sites (Fig. 10G-K).
This behaviour seems to also be related to the irreversible
formation of superficial antimony oxides.**

Last but not least, concerning energy storage, 2D-Pn have
been postulated as excellent electrode materials for Lithium
Ion Batteries (LIBs) and Sodium-Ion Batteries (SIBs) because
their 2D structures enable fast ion diffusion and easy accessi-
bility to redox sites.">**?® It is also very important to mention
their potential as anode material for alloy-based batteries.
Indeed, heavy Pn show higher theoretical specific and volu-
metric capacities compared to graphite, the most widely
employed anode material to date."?”>'*® Their ability to generate
reversible alloys is the key point for their use, permitting fast
charge/discharge mechanisms. Moreover, 2D-Pn exhibit lower
volumetric expansion, decreasing the technological problems
that arise during anode charge."®® Along this front, we carried
out a thorough analysis of the sodiation process of the solid-
state synthesis and the structure of the resulting intercalated
bP/sodium phase, establishing the relevant parameters that
lead to a successful sodiation. This solid-state protocol reveals
the thermodynamically preferred range for the bulk formation
of the intercalated phase, which consists of alternating
Na-filled and empty layers as well as small areas of stage 1
intercalated layers (Fig. 10L). This work opens a door towards a
large-scale synthesis of Na-bPIC, one of the most promising
materials for SIBs.

From the point of view of the biomedical application, the
rich chemical diversity of Pn play a very interesting role,
making each of these 2D materials suitable for complementary
applications.”*°*** For instance, phosphorene exhibits great
ROS scavenger behavior and its degradation is effective in the
treatment of neurodegenerative diseases like Parkinson, ELA or
Alzheimer."*"'**713¢ Conversely, antimonene ability to produce
ROS combined with its great photothermal conversion eftfi-
ciency (PTCE) can be exploited in cancer therapy to induce
cellular toxicity and tumor ablation.'?"'*7'3® Arsenene was
proved having antiproliferative effects on different cancer cells,
especially on promyelotic leukemia cells."?*'*' Moreover, bis-
muthene could be used in therapies against antibiotic-resistant
bacteria, owing to its antimicrobial properties.'?**427145

5. Summary and outlook

Throughout the group 15 the anisotropy decreases with increas-
ing atomic number mainly due to the strong influence of the lone
pairs, which facilitate the charge distribution between layers
resulting in a more substantial interlayer interaction than that
described by simple vdW forces. This is the reason why the
preparation of isolated few to single-layer pnictogens is challen-
ging and has remained elusive until today. 2D-pnictogens have
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been demonstrated to be feasible by employing different top-
down approaches: (i) Micromechanical exfoliation (UME), in
which few to single layers are peeled off of bulk bP, arsenic or
antimony using a piece of tape. However, this approach doesn’t
work for bismuth. This method provides the highest quality
crystals, but with a low yield. (ii) Liquid phase exfoliation (LPE),
where layers are obtained inducing a shearing force by sonication
of bulk pnictogens in different solvents allowing for an inexpen-
sive and scalable production of FL bP, As, Sb and Bi. Indeed, LPE
has been successfully developed for both bP and Sb, and for
As and Bi the published protocols are far from presenting the
same quality as their predecessors being oxidation or poor
morphological control the main challenges to overcome.
Whereas As and Sb lead to moderately large sheets with random
morphologies, Bi undergoes a downsizing process together with
exfoliation into relatively thick nanosheets. Other approaches like
the bottom-up epitaxial growth methods, or CVD synthesis,
despite being very promising, are still largely unexplored due to
their complexity and low yield. In any case, the easy generation of
large area SL-pnictogens remains elusive and we believe it should
be one of the most active research fronts in the next few years.

Undoubtedly, one of the most important aspects in the
future applications of 2D-Pn is the control over nanomaterials
morphology. In this regard, it is particularly inspiring a recent
achievement from Howard and coworkers, which showed the
controlled synthesis of phosphorene nanoribbons (PNRs),**
predicted to combine flexibility with unidirectional properties
of one-dimensional materials together with high-surface area
and electron-confinement effects.”"'*® PNRs were obtained
after lithium intercalation of bP, and in a sequent article the
group demonstrated the potential of these materials in inverted
perovskite solar cells, drastically improving the devices perfor-
mance. Furthermore, in the PNRs the electronic properties
strongly depend on the morphology and width,” as well as
the number of layers. For instance, in the case of bP, while bulk
material has a direct bandgap (ca. 1.5 eV), NRs exhibit an
indirect band gap that could be semiconductor or metallic
depending on the structure.”>"*® Thus, we envision the isola-
tion of a great variety on single- and few-layers pnictogen
nanomaterials byway using heavy Pn intercalated with alkaline
metals in a similar manner. Moreover, in the particular case of
Bi, these exotic morphologies could give place to additional
surface states of importance in topological insulators."*” None-
theless, as demonstrated for bP, the alkali metals intercalation
approach could help to overcome the difficult problem of
exfoliation of heavy pnictogens, as well as represent an inno-
vative method for their covalent functionalization. Indeed, we
believe that the preparation of large, high-quality monolayer
2D-pnictogens will be tackled by means of new advances in the
field of alkali-metal intercalation as well as novel molecular
bottom-up approaches. This will bring new horizons to the
implementation of bP-based technologies, and in the develop-
ment of novel pnictogen-based heterostructures with potential,
among others, in (opto)electronics and spintronic applications,
as long as the environmental stability is maximised by suitable
functionalization.

This journal is © The Royal Society of Chemistry 2023
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Although the covalent chemistry of 2D materials has been
extensively investigated in recent years, its transfer to 2D-Pn is
not obvious due to its marked chemical reactivity. Indeed, bP
functionalization already lived a quiet development, but heavy
pnictogens haven’t experienced a similar situation. Their semi-
metallic and metallic character is the main limitation to their
covalent chemistry. One possibility for the covalent functiona-
lization of Sb consists of exploiting the hydroxyl group formed
during exfoliation, as reported by Xie and coworkers.''® This
could open the door to an approach similar to that shown by
the chemistry of graphene oxide, where the functional groups
on the surface were employed for further functionalization,
without extra modification of the main material structure.
Organic chemistry is rich in examples of -OH functionalization,
thus reactions with strong electrophiles could be considered as
functionalization pathways. Moreover, this approach could be
common to the heavy pnictogens, anticipated by a controlled
oxidation of the material to introduce reaction sites. On the
other hand, the direct covalent functionalization of the neat
element constituting the material remains an open challenge,
and its development could pave the way for an innovative
control of Pn properties, as well as a useful tool for the
synthesis of covalent hybrid materials. Considering the large
number of published contributions on the synthesis of anti-
mony and bismuth chalcogenides (S, Se and Te), this objective
could be pursued by analysing the organometallic chemistry of
molecules containing S and Se, as it was developed for gold
nanoparticles by using thiol and selenide derivatives."*® Simi-
larly, these groups could interact with lone pairs of As, Sb and
Bi to form covalent interactions with the 2D structure. In a like
manner to bP and other 2D materials, the surface functionali-
zation will lead to punctual modification of the oxidation state
of the functionalized atoms, as well as inducing lattice-strain
on the Pn surface, consequently affecting their electronic and
optical properties.**® These effects are yet unknown and repre-
sent a completely open field. In this sense, we believe DFT
calculations can help experimental researchers, predicting the
effect of the described modification on Pn properties, guiding
the synthetic efforts in a rational way.'>® Not of secondary
importance, chemical functionalization could open the doors
to the development of new functional materials and hybrids,
including 2D-2D heterostructures, with a wide range of appli-
cations in electronics, nanomedicine and optics.

Finally, one of the aspects that highlights the importance of
the chemical approach is the large limitations in the produc-
tion of heavy 2D-Pn, which makes bottom-up approaches the
only solution. In particular wet-chemistry methods like the
recently developed colloidal approach hold great promise for
the large-scale fabrication of high-quality 2D-Pn compatible
with applications in electronics and beyond. Along this front,
some works reported the preparation of 2D hexagonal crystals
of Sb and Bi, however, further work should be done in order to
precisely control the surface oxidation, size, thickness, and
morphology. The great amount of reports based on Bi nano-
entities demonstrate the feasibility of colloidal synthesis for
general Pn production, providing a plethora of chemical

This journal is © The Royal Society of Chemistry 2023
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precursors, solvents and conditions to work on it. Most of these
reports present the synthesis of spherical nanoparticles,'” '
but also in some cases other morphologies such as nanocubes,®”
nanowires,®” nanohexagons,®” faceted,’”® and ribbons,”*
among others. Nevertheless, considering the intrinsic aniso-
tropy of the Pn structures, in-plane chemical bonds vs. out-of-
plane interlayer interactions, soft chemical methods appear as
the most proper ones to achieve a fine tuning of the morpho-
logical aspects. For instance, considering gold as an example,
anisotropic growth can be promoted by the so-called seed-
mediated growth. In this process, the formation of 2D systems
would take place by the reduction of metal precursors on top
of already formed small seeds. Then, the presence of the
indicated shape-directing agents (metal ions, halides, organic
compounds, surfactants) will drive the rest of the work."®
Additionally, the compatibility of colloidal synthesis appro-
aches with organometallic chemistry of Pn(u) cations in the
initial reaction mixture could represent a pathway for the
production of hybrids (either non-covalent or with covalent
functionalization) in a one-pot straightforward procedure.

Summarising, as the preparation of large, monolayer 2D-
pnictogens remains an open challenge, we are convinced that
the future scientific and technological development of 2D-
pnictogens will depend on the success of the new bottom-up
methods, and specially in the colloidal routes. Likewise, we
anticipate that two fields of research related to 2D-Pn will
experience significant growth in the coming years: energy
storage and biomedicine. Concerning the former, antimonene
and bismuthene exhibit great potential as anode materials for
both lithium- and sodium-ion batteries, even surpassing gra-
phene, mainly due to the fast ion diffusion through their layers
and the ability to intercalate alkali metals, something particu-
larly relevant in the case of sodium. This pronounced chemical
reactivity of 2D-Pn may be particularly beneficial in the case of
biomedical applications, showing great potential for cancer
therapy, theranostics, drug delivery systems, photothermal
agents, or biosensing devices, to mention a few.

Overall, we hope that this feature article serves to highlight
the importance of chemistry in the development of these
emerging materials as well as to encourage further research
on 2D pnictogens, opening the door for the development of
exciting applications.
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