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2D materials show outstanding properties that can bring many applica-

tions in different technological fields. However, their uses are still limited by
production methods. In this context, antimonene is recently suggested as a
new 2D material to fabricate different (opto)electronic devices, among other
potential applications. This work focuses on optimizing the synthetic param-
eters to produce high-quality antimonene hexagons and their implementation
in a large-scale manufacturing procedure. By means of a continuous-flow
synthesis, few-layer antimonene hexagons with ultra-large lateral dimensions
(up to several microns) and a few nanometers thick are isolated. The suit-
able chemical post-treatment of these nanolayers with chloroform gives rise
to antimonene surfaces showing low oxidation that can be easily contacted
with microelectrodes. Therefore, the reported procedure offers a way to solve
two critical problems for using antimonene in many applications: large-scale
preparation of high-quality antimonene and the ability to set electrical con-

for (opto)electronic device fabrication is
hindered by the absence of a band gap.
In this context, monoelemental materials
of group 15 of the periodic table (Pnicto-
gens) have gained increasing attention
due to their semiconducting behavior with
thickness-dependent band gaps, that can
be modulated by strain, doping, or chem-
ical functionalization.’! Additionally, these
2D-Pnictogens offer unique photonic,
catalytic, magnetic, and electronic prop-
erties.’!. For instance, black phosphorus
(BP) is the first isolated 2D-Pnictogen to
exhibit a band gap thickness dependency,
ranging from =0.3 to 2 eV for bulk and
monolayer, respectively, therefore being
an excellent candidate for (opto)electronic

tacts useful for device fabrication.

1. Introduction

Since the discovery of graphene in 2004, different 2D mate-
rials such as hexagonal boron nitride/? transition metal
dichalcogenides,3) metal carbides, and nitrides (MXenes)®
have been prepared because of their outstanding physical and
chemical properties and potential technological applications. In
fact, despite the extraordinary properties of graphene, its use

applications.”! However, its high reac-
tivity with ambient water and oxygen has
prompted the interest in exploring other
elements in group 15. Despite arsenene
and bismuthene has been successfully prepared by different
methods and present interesting properties,® antimonene is
nowadays the most promising alternative to BP. Antimonene
is a monoatomic 2D material with a buckled structure showing
exceptional physico-chemical properties suggesting promising
applications in top-notch technologies. Although some of its
theoretically predicted properties have already been experi-
mentally demonstrated, for example, in supercapacitors®! or
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for fiber lasers,'” many others remain a challenge due to the
absence of suitable synthetic methodologies to produce the
required high-quality material.l!

Antimonene was first prepared using micromechanical
exfoliation, giving rise to mono-layers with limited lateral
dimensions.'?l Soon after, different physical methods based
on sublimation and on-surface deposition have been devel-
oped to provide high-quality antimonene.l!**l On the other
hand, liquid-phase exfoliation (LPE) of antimony has been suc-
cessfully used to prepare significant quantities of antimonene
suspensions. However, we have recently proven that partial
surface oxidation occurs during the LPE process hampering the
practical use of this material in electronics.'®) Additionally, the
chemical synthesis of antimonene has been recently reported
using a flash injection method giving rise to the formation of
crystalline hexagons of antimonene with nanometric thick-
ness.l®! Although this method provides a significant advance, it
is limited to a batch-to-batch synthesis.

Moreover, the antimonene hexagons obtained by this proce-
dure are hampered for some practical applications, for example,
(opto)electronics, because of the residual surfactant retained on
their surface after the reaction process. Herein, we have per-
formed a systematic study on the experimental parameters
governing the chemical synthesis of antimonene hexagons. We
have also discovered the tremendous influence of the solvent
used on their final surface oxidation. F urthermore, we have
designed a continuous-flow synthesis (CFS) that allows the pro-
duction of high-quality few-layer antimonene (FLA) hexagons
in large quantities. The FLAs obtained preserve their physical
features, that is, electrical conductivity, thus paving the way for
its large-scale production and laying the groundwork for devel-
oping antimonene-based electronic devices.

2. Results

When producing antimonene or other 2D materials, it is of
critical importance to control features such as the thickness
(i-e., number of layers), lateral dimensions, crystallinity, or sur-
face properties. A thorough chemical design turns out to be
crucial to study the properties of the material as well as point
toward specific applications. In broad strokes, one can divide
the methods of synthesizing nanomaterials into two different
groups: top-down and bottom-up approaches.] In the case
of antimonene, both approaches have been reported in the lit-
erature. In this context, all micromechanical, liquid phase, or
electrochemical exfoliation have demonstrated the ability to
produce highly exfoliated antimonene nanoflakes.['21418] H ow-
ever, one of the main challenges in this sort of synthesis relies
on their lack of obtaining well-defined hexagonal morphologies.
On the other hand, successful bottom—up approaches such as
those based on epitaxial growth (i.e., molecular beam epitaxy
(MBE) and van der Waals epitaxy approaches!”)) have led to
high-quality antimonene flakes, but fail for the high-scale syn-
thesis of this material.

Herein, we use as a starting point a colloidal bottom-up
approach that has been recently reported by Peng et al.l'®l In
that work, the authors propose the direct synthesis of few-layer
and well-defined hexagonal antimonene nanosheets starting

from SbCl; precursor by promoting their anisotropic growth
in a colloidal solution using oleylamine (OA), dodecanethiol
(DDT) and 1-octadecene (ODE).'”) Some of the advantages of
using solution-phase methodologies rely on their simple pro-
cedures, the tunability of the material from the point of view
of size, morphology, composition, and the monodispersity of
the sample.?% Therefore, mastering these colloidal approaches
allowing CFS may open the door to a large-scale synthesis of
antimonene.

2.1. Effects of the Synthetic Parameters on the Colloidal
Synthesis of Few-Layer Antimonene Hexagons

The choice for a colloidal route in the synthesis of well-defined
hexagonal antimonene allows for overcoming the limitation in
the sample quantity characteristic of bottom—up approaches like
MBE and the morphology degradation caused by top-down
approaches such as LPE.[? Nevertheless, there are some unclear
aspects of the precise role of the involved reactants and the exact
experimental conditions in some steps during the antimonene
colloidal synthesis which remain unclear since this procedure
gives rise to a high amount of non-hexagonal morphologies.[16-21
In this sense, by following the same procedure reported in the
literature,l1l we obtain hexagonal antimonene flakes with sizes
ranging from 1050 to 250 nm and a high amount of Sb non-
hexagonal particles (around 50%), but without any noticeable
impurity. Transmission electron microscopy (TEM) data of the
resulting hexagonal particles, and the respective size distribution
histogram, can be found in Figure S1, Supporting Information.

In this context, we have carried out a thorough study focused
on the influence of the main experimental parameters during
the antimonene formation. By better understanding the forma-
tion mechanism, we aim at gaining more control over the par-
ticle morphology. The synthetic scheme and parameters under
study are depicted in Figure 1.

2.1.1. Precursor Solution

In order to prepare the FLA hexagons, it is necessary to reduce
the Sb(IIl) from the SbCl; to Sb(0). Surprisingly, we have
observed that a partial Sb reduction occurs even during the first
step, that is, the synthesis of the Sb(III) precursor. As it can
be observed in the X-ray photoelectron spectroscopy (XPS) data
shown in Figure 2a, peaks corresponding to Sb(0) arise from
the Sb spectrum at 528.1 (Sb 3d;,,) and 5374 eV (Sb 3d;),), as
well as a new peak at 162.3 eV (S 2p) in the S spectrum which
corresponds to a covalent metal-sulphur bonding, which
is expected since DDT has been reported to act as a capping
agent.'®l These data also point toward DDT being one of the
Sb's reducing agents, combined with OA, as stated in the most
recent reports.'&2l As previously described in the synthesis of
several perovskites and nanoparticles (NPs) via a similar col-
loidal approach, OA can act as a reducing agent because of its
multifunctionality, as a solvent or as a morphology directing
agent, among others.[19>22]

Regarding the reduction triggered by the DDT, its thiol
groups get oxidized to disulfides, while Sb(III) is reduced to
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Figure 1. General scheme of the FLA hexagons preparation process. a) Synthesis of the hexagonal antimonene via colloidal approach. b) Experimental

parameters whose influence on the overall reaction is studied.

Sb(0), as evidenced by gas chromatography coupled to mass
spectrometry measurement of the precursor solution (Figure S2,
Supporting Information), which highlights the appearance of
disulfide species. Besides, TEM images suggest the presence
of aggregates of small NPs with average sizes of =20-50 nm,
which are expected to act as seeds for the subsequent formation
of anisotropic morphologies such as hexagons (Figure S2, Sup-
porting Information).>! Besides, by means of energy-dispersive

X-ray spectroscopy, the presence of Sb in these NPs was clearly
confirmed (Figure S3, Supporting Information).

In this line, the appearance of Sb(0) in the absence of
heating motivated us to perform the hot injection of the pre-
viously prepared at room temperature SbCl;-DDT solution. As
seen in Figure 2b, hexagonal FLAs are obtained even when no
heating of the precursor solution is applied. Henceforth, the
reduction of Sb(III) by both the thiol reagent and OA, which
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Figure 2. Role of the antimony precursor in the synthesis of few-layer antimonene hexagons. a) XPS spectra of (left) Sb and (right) S at different reaction
conditions. Sb(0) and M—S bonding peaks are highlighted in grey and yellow, respectively. b) TEM image of antimonene nanosheets obtained without
heating during the first step (t =0 h). Sb particles obtained after precursor reaction times of c) 2 and d) 48 h at 150 °C. Scale bar 1 um.



takes place already at room temperature, is revealed as a cru-
cial step for obtaining the hexagonal morphology. In this con-
text, it is of utmost importance to carefully degas the reagents
for at least 12 h before starting the reaction to avoid the pres-
ence of any impurities in the final material. Nevertheless, the
absence of heating during the first step gives rise to hexagonal
nanosheets with lateral dimensions of 800 + 300 nm (Figure S4,
Supporting Information). Still, with a high number of unde-
sirable morphologies, only 33% of the particles are hexagons.
In fact, as shown by XPS (Figure 2a), Sb—S bonding peak
increases by applying temperature, and the amount of Sb(0)
reaches its maximum after heating at 150 °C for 2 h. Thus,
optimum conditions are achieved by heating the precursor
solution at 150 °C for 2 h after purifying the reagents. TEM
confirms the presence of well-defined hexagonal nanosheets
with a lower number of irregular morphologies (Figure 2c).
Nevertheless, if the synthesis time continues increasing up to
48 h, this leads to the formation of many irregularly shaped
antimony particles of =50 nm and the absence of any hexag-
onal nanosheets (Figure 2d). In line with that, different times
were also tested during the additional heating steps in the syn-
thesis of the SbCl;-DDT precursor, that is, the heating time at
60 °C before the hot injection phase. In this context, heating at
60 °C for longer times than 1 h leads to quite similar hexagonal
nanosheets (Figure S5, Supporting Information). Therefore,
adequate precursor formation is revealed as a crucial step in the
formation of the resulting structure; however, the heating time
before hot injection does not play a critical role.

2.1.2. Antimony Salt

In order to analyze the influence of the antimony salt on the
overall morphology of the resulting antimonene, two dif-
ferent additional reagents were tested as the primary sources
of antimony, namely Sb(AcO); and SbF;. As has already been
reported, the combination of the antimony salt Sb(AcO;) and
dodecyldimehtylammonium bromide gave rise to hexagonal
nanosheets.'®l Here, the use of only Sb(AcO); does not lead to
the growth of hexagonal nanosheets, but the formation of NPs
of about 100 nm (Figure S6, Supporting Information). Addi-
tionally, if the growth time is extended up to 120 s, the small
particles evolve to antimony tetrahedrons of =350 nm in size.
On the other hand, the use of SbF; resulted in NPs having
irregular morphology with an average size of 100 nm at 10 s of
growing time (Figure S6, Supporting Information). According
to these results, the most prominent finding is that halogenated
salts are not the sole condition to obtain the final hexagonal
shape.

2.1.3. Thiol

Due to the synthetic conditions and the heating step at 150 °C,
the selected thiol must exhibit a boiling point above that tem-
perature. This feature neglects simple thiols with an alkyl
chain lower than 12 carbons. Nevertheless, a thiol larger than
DDT was used to analyze the influence of the organic ligand
in the formation of the hexagonal morphology. Therefore,

octadecanethiol (ODT)?* was tested. In this synthesis, the pre-
heating temperature before the hot injection was set at 72 °C,
instead of the typical 60 °C, due to the higher melting point
of the ODT compared to the DDT. When the SbCl;-ODT was
chosen as the precursor, the results were in good agreement (in
terms of morphology) with the expected hexagonal nanosheets
found in the case of SbCl;-DDT (Figure S7, Supporting Infor-
mation). Nonetheless, the resulting hexagonal antimonene
exhibited smaller average lateral dimensions of =300 nm, half
the size of the hexagons synthesized with DDT. This fact high-
lights the importance of the thiol ligand for the formation of
the desired morphology since the absence of DDT or ODT
gives rise to non-hexagonal particles(!® while showing a route to
obtain FLA hexagons of smaller sizes.

2.1.4. Hot Injection Temperature

The hot injection temperature shows up as a critical para-
meter during the synthesis of the FLA hexagons. However,
although the typical synthesis is carried out at 300 °C during
the hot injection step, lower and higher temperatures have also
been tested. The resulting hexagons exhibit a clear depend-
ence of the lateral dimensions with the temperature. While
280 °C gives rise to smaller hexagonal flakes (200 + 100 nm),
320 °C leads to larger hexagons of 1300 £ 400 nm but with a
higher degree of polydispersity as well as irregular morpholo-
gies (Figure S8, Supporting Information). It is also noticeable
that an increase in the injection at temperatures up to 320 °C
(Figure S8d,e, Supporting Information) leads to the presence of
nanorods corresponding to Sb,0;.2°l These Sb,0; will be fur-
ther highlighted and characterized in Figure S12, Supporting
Information. Therefore, lowering the hot injection temperature
produces FLA hexagons of a few hundred nanometers in lateral
dimensions.

2.1.5. Injected Volume

In general, parameters such as concentration and metal/
surfactant ratio strongly affect the size of NPs. It was found
that the reduction of the metal concentration usually leads to
larger NPs. Therefore, the purpose of the present study was
to vary the amount of SbCl;-DDT precursor solution to maxi-
mize the lateral dimensions of the hexagonal nanosheets while
keeping constant the amount of the OA (0.5 mL) and ODE
(4.0 mL) mixture. In a typical synthesis, 1 mL of SbCl;-DDT
solution is injected during the hot injection. Both decreasing
and increasing the injected volume (0.5, 0.7, and 2 mL of Sb
precursor) leads to the formation of FLA hexagons. Figure S9,
Supporting Information shows that there are clear differences
among the tested volume: lower quantities give rise to larger
particles of =1.2 um in lateral size (1.1 £ 0.3 and 1.3 £ 0.4 um for
0.5 and 0.7 mL, respectively). The larger size can be ascribed to
the smaller quantity of nucleation seeds, as reported in the lit-
erature, to grow NPs.2%l Regarding the percentage of hexagonal
versus non-hexagonal particles, we have estimated a 30% and
35% ratio for 0.5 and 0.7 mL, respectively. On the other hand, the
sample with 2 mL of injected volume gives rise to the smallest



antimonene hexagons with an average size of 500 £ 100 nm
but with the highest percentage of hexagonal morphologies
reaching 70% compared to non-hexagonal shapes (Figure S9,
Supporting Information). With this in mind, 1 mL precursor
addition seems to be an ideal condition to get a higher yield of
hexagonal morphology (70%) with larger dimensions, ranging
from =1050 to 650 nm.

2.1.6. Reaction Time and Cooling Procedure

The reaction time is one of the most critical parameters in the
synthesis of FLA hexagons and the most challenging to control
since differences ofjusta few seconds can significantly affect
the quality of the final product. In this sense, a parameter that
severely affects the crystallization process is the cooling-method
after the reaction takes place. According to work already pub-
lished," the growth of these NPs preferentially occurs at 300 °C
on the basal facet of the nanosheets. The evidence from this
study suggests that if the antimonene nanosheets are quickly
cooled down to room temperature, thinner and monodisperse
hexagonal nanosheets could be obtained. We have analyzed the
differences b etween r educing t he r eaction t emperature f rom
300 to 50 °C using a dry ice bath (=1 min) versus allowing the
reaction to reach 50 °C under ambient conditions (=5 min). The
resulting TEM images can be seen in Figure S10, Supporting
Information, pointing out the well-defined h exagonal m or-
phology obtained in both approaches (slow and fast cooling).
Furthermore, we have seen that when the cooling-time becomes
shorter, the FLA hexagons show lower lateral dimensions of
=900 nm compared to those obtained with longer cooling-times
(=1400 nm). When using a dry ice bath, the reaction abruptly
stops, avoiding the FLA growth in all directions. This observa-
tion agrees with a conventional crystallization process in which
a lower rate in the decrease of the temperature produces larger
crystals. In contrast, a faster process provokes the formation of
more nuclei giving rise to smaller crystal sizes.

Therefore, we carried out new experiments to maximize the
lateral dimensions without increasing the hexagon thickness.
To do so, we study the slow cooling method when the reaction
was stopped at t = 0's, 10 s, and 2 min. We have observed that
the optimal results are obtained when the reaction is stopped
immediately after the precursor is injected (denoted as t =0 s).
Thus, for instance, longer reaction times, for example, 10 s,
give rise to FLA hexagons of shorter lateral dimensions while
the height, measured by AFM, dramatically increases from =5
to 70 nm upon increasing the reaction time (Figure S1la,b,d.e,
Supporting Information). These observations agree with
forming a larger amount of Sb(0) after a longer reaction time
(10 s vs 0 s) that provokes more crystallization nuclei giving
rise to smaller crystal sizes. We have also observed that longer
reaction times (2 min) produce thicker and shorter FLA hexa-
gons together with stick-like morphologies that correspond to
antimony oxide of a side oxidation reaction, as confirmed by
Raman spectroscopy showing peaks at 187, 254, and 450 cm™!
(Figures S11c,f, S12, Supporting Information).

Therefore, the minimum height measured by AFM (overesti-
mated the material thickness!!*!) in these experiments for FLAs
was 5 nm, using the shorter reaction time and slow cooling.

Figure S13, Supporting Information summarizes the opti-
mized experimental parameters found to produce the best-
defined FLA hexagons with larger lateral size dimensions.
These parameters combine the use of antimony chloride salt
with a long-chain thiol such as DDT or ODT under an inert
atmosphere (Ar), followed by 2 h heating at 150 °C. Afterward,
the precursor can be stored at 60 °C. Concerning the hot injec-
tion step at 300 °C, 1 mL is found to be the optimum volume
needed for the successful synthesis of high-quality hexagonal
nanosheets. Then, an aggressive cooling with dry ice leads to
a reduction of the lateral dimensions. On the other hand, slow
cooling in combination with an abrupt stopping of the reaction
at t = 0 results in large lateral sizes without compromising the
thickness.

2.2. Morphological and Spectroscopic Characterization
of Few-Layer Antimonene Hexagons

With the synthetic methodology previously reported, well-
defined FLA hexagons were obtained.®l Hitherto, with our
optimized experimental parameters, we have been able to syn-
thesize pure thin antimonene hexagons with lateral dimen-
sions up to several microns. Specifically, flakes of =900 nm are
obtained (40% bigger than the reported particles), exhibiting
higher monodispersity (deviation of 300 vs 400 nm). A typical
flake obtained with our optimized procedure as observed under
the optical microscope and the atomic force microscopy (AFM)
is shown in Figure 3a,b, respectively. The antimonene flake
exhibits a perfect hexagonal structure with a flat and relatively
smooth surface. The height profile extracted from the AFM
data displays a thickness of 5 nm with a lateral size of 2.8 um
(Figure 3a). Statistical analysis of the height and length of pro-
duced hexagons is shown in Figure S14, Supporting Informa-
tion, considering only the flakes with a thickness no exceeding
20 nm. The structure of the hexagonal flakes was investigated
using scanning Raman microscopy. Spatial mapping of the char-
acteristic Aj; mode with a step size of 200 nm has yielded the
Raman map shown in Figure 3b, which is in perfect correlation
with the optical and AFM images. The mean Raman spectrum
of the whole antimonene hexagon was extracted and compared
to the Raman spectra of the bulk Sb (Figure 3c). In the bulk Sb,
the two main vibrational modes of bulk antimony can be seen
at 112 cm™ (E,) and 150 cm™ (Ay,), ascribed to the in-plane and
the out-of-plane vibrations, respectively. While in the case of the
5 nm FLA hexagons, the same Raman modes are observed at
140 and 168 cm™, respectively, thus revealing a pronounced blue
shift (28 cm™ for the E, mode and 18 cm™ for the A;; mode),
in perfect agreement with previous theoretical predictions as
well as recent experimental observations.#?1 Additional AFM
images of antimonene hexagons with thicknesses of 6-8 nm
and their corresponding average Raman spectra are shown in
Figure S15, Supporting Information. Moreover, TEM images
of the as-synthesized material can be found in Figure S16,
Supporting Information.

The produced FLA hexagons exhibit larger lateral dimen-
sions than those produced with top-down approaches, such as
LPE and scotch-tape method, and have thicknesses comparable
to those made using chemical vapor deposition or MBE. This
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Figure 3. Morphological and spectroscopic characterization of few-layer antimonene hexagons. a) AFM profile of individual Sb nanosheet with overlaid
thickness profile (5 nm height over 2.8 um diameter). Scale bar of 1 um. b) Raman mapping of Ay, (150 cm™) intensity with optical micrograph given
as inset. ¢) Comparison of the Raman signal of bulk antimony and the Sb hexagonal nanosheet. d) Typical XPS line spectra of Sb 3d 5/2 and 3/2 region
for Sb hexagonal nanosheets (under environmental conditions) showing contributions from both metallic and oxidized Sb components. Individual
contributions from the fitting are highlighted. e) HAADF STEM image of individual nanosheet with indicated regions in the center and at the rim of
the flake used for the extraction of EEL spectra in Figure 2j-m. f) Colorized high resolution STEM-HAADF image to emphasize the amorphous edge
surrounding the particles. Inset shows the FFT demonstrating the crystallinity of the material. Scale bar of 5 nm. g—i) Elemental compositional EELS
maps (Sb My 5, O K, and C K) of the hexagon shown in (e). Scale bar (e-i) of 100 nm. j-m) Comparison of EELS signatures of the nanosheet extracted
from the edge and the inner region of the crystal. Carbon and oxygen are highly enriched at the edge, indicating terminal oxidation and residual car-
bonaceous material presumably from the synthesis acting as a capping layer. In the central part of the crystal, the amount of carbon and oxygen is

strongly reduced and not measurable.

technique stands out by allowing comparatively larger quanti-
ties while maintaining excellent morphological and structural
quality.

Another essential aspect that should be considered is the
surface chemistry of the FLA hexagons, even more so when
it comes to synthetic methods based on wet chemistry. In this
sense, XPS reveals the presence of Sb? plus significant surface

oxidation (Figure 3d). The native oxidation layer is further con-
firmed by aberration-corrected scanning TEM (STEM) and elec-
tron energy-loss spectroscopy (EELS).

A high-magnification high angle annular dark field (HAADF)
image near the edge of the nanosheet is displayed in Figure 3f
with the fast Fourier transformation (FFT) depicted as the
inset. The FFT distinctly demonstrates the high degree of



crystallinity, and from the image data, no significant defects
within the nanosheet can be observed. In the colorized high-
resolution HAADF image, the presence of a nanometric
(3-5 nm) thick amorphous layer at the edges of the nanosheet
becomes visible. The amorphous rim shows an increased
EELS signature in regard to carbon and oxygen (Figure 3j.k),
while these elements cannot be measured in the central part
of the crystal (Figure 31,m). The chemical composition of the
sample was determined by EELS over the hexagon shown in
Figure 3e, which allowed the construction of the Sb Mys, O K,
and C K elemental maps as depicted in Figure 3g-i. The hex-
agon is mainly composed of Sb and a noticeable amount of
oxygen located at the surface and edges of the nanosheet, indi-
cating a native oxidation layer of Sb,03.>%28 Additionally, a
significant C signal was detected on the edges of the nanosheet,
most probably as a result of the presence of capping agents
as well as contamination from residual solvents.?’! The pres-
ence of S was not detected on the surface, in good agreement
with XPS and thermogravimetric analysis coupled to gas chro-
matography and mass spectrometry (TG-GC-MS), in which
ODE, OA, and 9-octadecenenitrile (an impurity from the OA)
were the predominant species detected (Figure S17, Supporting
Information).

2.3. Upscaling the Reaction

Once these optimal synthetic parameters have been estab-
lished, our focus was on determining whether antimonene
production can be scaled up, as these types of batch-to-batch
reactions usually provide very low yields. Then, we study the
possibility of scaling up the reaction to obtain higher amounts
of antimonene. First, we increased the concentration of all
components by a factor of two and ten. Both cases lead to the
successful synthesis of FLA hexagons (Figure S18, Supporting
Information), but if the scale-up factor increases from x2 to
%10, larger quantities of additional irregular shaped particles
are found. Alongside that, we also observed some issues related
to the homogeneity of the sample. In this context, the average
size of the nanosheets after the upscaling processes exhibited
extremely polydisperse sizes (i.e., 700 £ 200 and 1500 + 700 nm
for scaling up by a factor of 2 and 10, respectively). Besides, the
percentages of observed hexagons were 44% and 36% for the x2
and x10 samples, evidencing a more significant amount of non-
hexagonal morphologies as the scaling process goes up (Figure
S18, Supporting Information). This major polydispersity could
be associated with the cooling method, which is not effective
with such high volumes. Henceforth, a simple and scalable
method solely based on increasing the reagent quantity is not
possible, and alternative strategies are highly desirable.

2.3.1. Continuous-Flow Synthesis

To avoid the scale-up issue, we decided to explore a CFS approach
using a continuous-flow reactor. We used a home-made tubular
stainless-steel reactor consisting of a 50 cm long tube with
inner diameter of 6 mm (see Experimental Section for details)
as schematically represented in Figure 4a and Figure S19,

Supporting Information. Optimizing the CFS synthetic param-
eters requires the readjustment of some of the parameters used
in the batch method. Indeed, in the continuous synthesis, we do
not use the hot injection method, but instead, the precursor and
reaction medium are mixed at 30 °C before introducing the mix-
ture in the tubular reactor. This modification directly affects the
reaction temperature, which decreases from 300 °C used in the
hot injection method to 250 °C in the continuous one. We have
noted that further reduction of the reaction temperature pro-
duces a significant decrease in the reaction yield or the absence
of this process (below 200 °C). We have also observed that the
use of temperatures over 250 °C promotes the appearance of
stick morphologies corresponding to antimony oxide (Sb,03),
as has been explained before (Figure S12, Supporting Informa-
tion). Finally, the reaction product is collected and cooled down
under ambient conditions to stop the antimony growth. Then,
the suspension is centrifuged and washed up with chloroform
to isolate the FLA hexagons for further characterization.

Figure 4b shows a typical AFM image of an FLA flake with its
characteristic hexagonal morphology. The flake shows =4.5 pm
in lateral dimensions and 5 nm in thickness. The morphology
and thickness of the FLA hexagons show good homogeneity
in size and shape (Figure S20, Supporting Information). With
the aim of obtaining information about the area and the thick-
ness distribution of the synthesized FLA hexagons, we have
performed a statistical AFM study on 120 FLA hexagons.
Figures S$21,5S22, Supporting Information show that the lateral
size varies from 0.5 to 6 um, with areas over =2.5 um?, and most
of the flakes show a thickness below 20 nm. An inversely pro-
portional relationship between the area and the thickness is also
observed. This suggests that the FLAs present a similar mass with
preferential growth in the basal plane. Stability of FLA hexagons
was confirmed by AFM (Figure S23, Supporting Information).
Figure 4c shows a TEM image of a typical FLA hexagon obtained
by the continuous method confirming that the morphology is
similar to those FLA hexagons obtained in the flask injection
discontinuous approach (Figure S24, Supporting Information).
The diffraction pattern recorded on the same FLA flake obtained
in the continuous process and shown in Figure 4c, presents the
hexagonal ordering characteristic of the rhombohedral atomic
structure. The single point Raman spectrum of an FLA flake with
60 nm of thickness, excited at 532 nm, reveals the representative
main phonon peaks, the A;; mode at 149.8 cm™ and E, mode
at 110.0 cm™ (Figure 4d). However, the single point spectrum
of an 8 nm thick FLA hexagon shows a significant blue shift
exhibiting the A;, mode at 160.1 cm™ and E, mode at 125.8 cm™,
which agrees with recent reports.?l Furthermore, in the same
way as was done for the samples prepared by hot injection
(Figure S15, Supporting Information)—a study was carried out
on six FLA hexagons of different thicknesses that confirmed the
increase in a blue shift as the thickness decreases (Figure S25,
Supporting Information). Additionally, Figure 4e shows the
X-ray powder diffraction (XRPD) pattern of the FLA hexagons
featuring diffraction peaks indexed to rhombohedral S-phase
of antimony (JCPDS No. 35-0732), suggesting the high purity
of the reaction product. We do not observe any significant
change in both Raman spectra and XRPD of FLA hexagons
storage under ambient conditions, suggesting material stability
(Figure S26, Supporting Information).
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Figure 4. Continuous-Flow Synthesis of few-layer antimonene hexagons. a) Schematic representation of the FLA synthesis by a continuous process.
b) AFM image of an FLA hexagon showing the height profile of =5 nm. Scale bar of 1.5 um. ¢) TEM image of FLA hexagon synthesized by the con-
tinuous method. Scale bar of 1 um. d) Raman single-point spectra of two FLA hexagons whose thicknesses are 60 and 8 nm, respectively. ) XRPD
pattern of the powder of FLA synthesized by the continuous procedure. f) Plot of the yields as a function of the flow in the continuous process and
amount of precursor in the discontinuous process. g) Plot of the area as a function of the height of the FLA hexagons synthesized by both continuous

and discontinuous procedures.

The optimized synthetic parameters for the continuous pro-
cess use reactant flow rates between 9 and 14 mL-min™t. We
have observed that lowering the reaction flow provokes the
appearance of antimony oxide sticks while increasing the flow
induces a significant reduction in the reaction yield. The opti-
mized reaction parameters give rise to a maximum yield close
to 18%, at 11 mL-min™!, which is significantly higher than the
best yield obtained with the batch method (12%; Figure 4f).
Using this flow, we produce =0.964 mg h~!. For comparison, we
have optimized the yield for the discontinuous batch method.
Figure 4f shows that the maximum yield is achieved when
the reaction is carried out with 5 mL of the precursor, while a
decrease in the reaction yield is observed as far as the amount
of reactants increases. Therefore, this is a clear limitation to the
scale-up of FLA hexagons preparation on a much larger scale.
In addition, the typical deviation of the yields is far higher in
the batch method, which implies that the reproducibility of the
process in terms of yield is very low. Figure 4g shows the rela-
tion between the area and the thickness of the FLA hexagons
obtained using the conditions to get the best yield in the two
different methods. In both cases, it can be seen the inversely
proportional relationship between the area and the thickness

commented before (Figures S21,522,S27,S28, Supporting Infor-
mation). When the synthesis was carried out in a continuous way,
the FLA hexagons present larger areas and lower thicknesses,
which implies the formation of a more defined 2D material.

2.4. Post-Synthetic Treatment versus Oxidation

After the continuous process, the obtained FLA hexagons are
covered with capping agents as well as contamination from
residual solvents.?”! In order to isolate FLA hexagons, we
thoroughly washed them to remove any contamination from
reaction solvents and surfactants. Thus, we have observed inter-
esting differences between the use of chloroform or isopropanol
as washing and redispersing solvents to prepare FLA disper-
sions. We have selected these solvents because they represent
some of the most used solvents to obtain FLA dispersions.["]

2.4.1. Surface Characterization

The HAADF image of the FLA hexagons washed with chloro-
form confirms that they are flat and exhibit hexagonal shape



d el fl—="
Background Background
o s
%‘ _ 2:20: Sb 3ds, _ 0, Sb 3ds,
< . S O1s ) 3 O1s
% m E Sb,0, 2 Sb,0,
- 4 I OH
3 ¥ Z Sb3d,, Z
N [ c
s x / ] &
E o f E E
2 b
A
500 550 600 650 545 540 530 525 545 540 535 530 525
E loss/eV Binding energy / eV Binding energy / eV
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procedure dispersed in IPA.

(Figure 5a). Furthermore, a high-magnification annular bright
field (ABF) image of the material surface (Figure 5b) shows the
high degree of crystallinity, with the (111) direction coming out
of the plane of the 2D flakes. Moreover, no significant defects
or secondary phases are observed. However, the edges exhibit
a nanometric thick amorphous layer, as observed in the ABF
images (these are more sensitive to local crystallinity), and
very likely this layer affects the top and bottom surfaces, very
similar to that shown above for hexagons made by hot injection
(Figure 5c). A similar morphology and crystallinity is observed
in FLA flakes washed with isopropyl alcohol (IPA), and a few
nm thick layer is again observed at the flake edges (Figure S29,
Supporting Information). EEL spectrum images exhibit a small
degree of oxidation, in the form of a small O K edge contribution,
in both FLA hexagons washed with chloroform and with IPA
(Figures S30b,d, S31b,d, Supporting Information). Unfor-
tunately, it is not possible to carry out an O/Sb relative com-
position quantification due to the overlap of the O K and Sb
M, s edges (Figures S30c,S31c, Supporting Information). Inter-
estingly, a comparison of the EEL spectra between those FLA
flakes washed with chloroform to those washed with IPA shows
that EEL spectra exhibit more intense O K edge features in the
IPA sample (Figure 5d, red line), pointing to a slightly higher
oxidation degree on the surface of the flake than the sample in
chloroform (Figure 5c, black line).

In order to study the composition of FLAs at the surface
level, we have used XPS. The results of the FLA flakes deposited
on highly oriented pyrolytic graphite surfaces (Figure 5e) reveal
the presence of antimony oxides besides metallic antimony.

The O 1s peak is also detected, as it happens to appear very
near to Sb 3d. It includes a component related to antimony
oxides (at 532.1 eV) and a component associated with OH
(at 534.0 eV). This is due to the exposure of the sample
to the atmosphere before performing XPS. As it can be
observed in the XPS, the FLA hexagons present more anti-
mony oxide in those samples redispersed in IPA rather than
in those redispersed in chloroform, in agreement with EELS.
The composition of the antimony oxide layer is also different,
with approximately 35% more Sb,Os (at 531.9 eV) in the case
of samples dispersed in IPA than in samples dispersed in chlo-
roform. The Sb,0; fraction (at 530.4 eV) is the same in both
cases. Furthermore, the samples dispersed and sonicated in
IPA have a significantly smaller metallic antimony peak (39%
less) compared to samples dispersed in chloroform (Figure 5f).
These results agree with the oxidation study reported in FLA
hexagons prepared by LPE. It shows that the chemical syn-
thesis method provides FLA flakes with less surface oxidation
due to the metallic antimony peak being significantly higher.l"”]

2.4.2. Mechanical and Electrical Properties

Electron microscopy, Raman, XPS, and AFM strongly suggest a
high degree of crystallinity and purity for the synthetized FLA
hexagons. However, it is not clear to what extent the hexagonal
flakes preserve their mechanical properties. To gain information
on this aspect, we have performed for the first time nanoindenta-
tions on both types of Sb flakes, synthetized FLA hexagons, and
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the cAFM measurements.

those obtained by microexfoliation. More specifically, we select
random spots on the flake surfaces, and then we indent the
AFM tip loading the sample up to a maximum force. Figure 6a
shows an AFM topography image of a microexfoliated flake with
dots pointing to the areas where nanoindentations were done.
Figure 6b portrays a force versus distance curve where the can-
tilever bending, hence the applied force, is basically the same as
in the silicon oxide substrate. The same situation is observed in
FLA flake (Figure 6¢,d), where indeed both coincide within the
experimental error. According to Hertz's model the maximum
contact pressure P, between the AFM tip and the sample
is about 5 GPa (Section S3, Supporting Information for addi-
tional details). Magnification of the topographies AFM images
in the region where we performed the force versus distance
plots show no traces of damage on the surface of the flake, con-
firming the strength of the FLA.

On the other hand, it has been already reported that LPE of
antimony gives rise to FLA in which a passivation oxidation
layer and antimony oxide is formed at the surface level.l>3 We
have observed that the insulating nature of the antimony oxide
prevents a good electric contact hampering the electrical charac-
terization of the antimonene layers so-produced. However, the
obtained results suggest the possibility of establishing electrical
contacts to characterize the FLA surface electrical conduction.
To this end, we have initially carried out two electrode experi-
ments with conductance AFM in exfoliated flakes (Figure 6e)
and FLA redispersed in chloroform (Figure 6f) with similar
thicknesses of about 90 nm (Methods S4, Supporting Informa-
tion for additional details). The corresponding current versus
voltage characteristics (IVs) exhibit lower conductance for the
FLA hexagon than for the microexfoliated one (Figure 6h blue
and green curve, respectively). As the thicknesses of the flakes

are similar, we attribute this result to the different contact resist-
ances between the flakes and the electrodes. Contact resistance
is always present in electrical transport measurements and is a
major concern in nanosystems.3!l Therefore, we confirm that
the FLAs prepared by our CFS method can successfully be elec-
trically contacted. Notably, the IV curves are linear as expected
for metal contacts. These experiments strongly suggest that
FLA hexagons exhibit excellent electrical conductance compa-
rable to that of microexfoliated flakes.

We confirmed these results further by performing electrical
transport measurement with an alternative experimental set
up where we connected a 16 nm thick FLA flake to a pair of
microelectrodes evaporated using a stencil mask (Figure 6g;
Figure S32, Supporting Information). In this case, the flake
does not withstand any kind of mechanical pressure, as in
the case of conductive AFM (cAFM). The corresponding IV
(red line in Figure 6h) shows a clear linear tendency with a low
electrical resistance of 2.5 kQ, including the contact resistance,
confirming the cAFM measurements again.

We applied the same methodology for electrical charac-
terization of FLA redispersed in IPA with negative results
(Figure S33, Supporting Information). This evidence further
confirms the growth of an insulating layer on top of the flake,
preventing electrical contact.l’!

3. Conclusion

A thorough analysis of the experimental parameters involved
in the colloidal synthesis of antimonene hexagonal nanosheets
has been carried out. The optimized conditions have been
established by means of a combined characterization involving



XPS, HRSTEM-EELS, AFM, Raman spectroscopy, TG-GC-MS,
and XRD. We have demonstrated that the control of the experi-
mental conditions allows the formation of FLA hexagons with
lateral dimensions that can be modulated from =200-300 nm
to 2-3 microns, allowing selecting the material size for each
specific application, for example, biomedical, (opto)electronics,
catalysis or energy storage, to name a few.

However, this conventional batch-to-batch synthetic approach
is restricted to low yields and cannot be scaled up. To face this
challenge, we developed a continuous flow synthesis that allows
the large-scale production of antimonene nanosheets with
excellent morphological and structural quality. Indeed, our
optimized synthesis yields antimonene hexagons with lateral
dimensions up to 6 microns—Ilarger lateral dimensions than
those produced with top—down approaches, such as LPE and
scotch-tape methods and thicknesses in between 4 and 20 nm,
comparable to those made using chemical vapor deposition or
MBE. Furthermore, the high quality of these chemically pro-
duced antimonene hexagons is reflected in their mechanical
properties and the low degree of surface oxidation, allowing the
nanosheets to be successfully contacted with microelectrodes.

The literature already envisions different potential applica-
tions for antimonene.”!% Some of them require relatively large
amounts of antimonene even to prepare devices at the lab scale
(e.g., supercapacitors, biosensors, drug delivery, catalysis, etc.),
and those applications can hardly be satisfied with existing tech-
nologies (i.e., LPE). Moreover, applications requiring good elec-
trical contacts cannot be performed with LPE antimonene flakes
due to the presence of oxidation layers on the top of antimonene
surface,™ and more sophisticated technologies such as MBE
are required. However, these processes can hardly be scaled up.

Additionally, the current size of the FLA hexagons here
reported covers some microns (up to 6 pum), despite these
are still sizes relatively small for some specific applications in
which continuous films are necessary, but surpass the flakes
obtained using MBE, LPE, or micromechanical exfoliation.
Moreover, our FLA hexagons are large enough for some realiza-
tions, such as micro-sensors or FETs.

In summary, this work plays a crucial role in providing
an alternative preparation with the higher yields reported to
date. These results open the door for the development of anti-
monene-based technologies since it allows for the first time the
large-scale synthesis of high-quality nanosheets for applications
in electronics and beyond.

4. Experimental Section

Materials: Technical grade ODE (90%), DDT (99.9%), ODT (98%),
OA (70%), antimony trichloride (SbCl;, 99.999%), antimony triacetate
Sb(AcO); (99.99%), and antimony trifluoride SbF; (99.8%) were
purchased from Sigma Aldrich. Chloroform was obtained from Alfa
Aesar. HPLC grade chloroform was obtained from Scharlab. Isopropyl
alcohol (IPA, 99.8%) was obtained from Panreac. DDT, ODE, and OA
were dried with molecular sieves overnight, degassed at 110 °C under
vacuum overnight (12 h) and store under argon before use. The dried
and degassed solvents were used as feedstock for each injection.

Pre-Treatment of the SbCly: The synthesis of both the antimony
precursor and the resulting antimonene was carried out following the
methodology described by Peng et al.l®l For the SbCl;-DDT precursor,
SbCl; (0.912 g, 4 mmol), DDT (4 mL), and ODE (6 mL) were added into

a 50 mL 3-neck flask, degassed under vacuum for 2 h at 110 °C, and
purged with Ar. Afterward, the mixture was heated under Ar to 150 °C
until all SbCl; reacted with DDT. The signal that the reaction had taken
place was a color change from transparent to yellowish. Since SbCl;-DDT
precursor solution precipitated out of ODE at room temperature, it was
preheated at 60 °C before its use.

Synthesis of Hexagonal Antimonene Nanosheets: In a typical synthesis,
OA (0.5 mL), and ODE (4.0 mL) were added in a 50 mL three-necked
flask. The reaction mixture was degassed under vacuum for 30 min at
110 °C and purged with argon. Next, the flask was heated up to 300 °C,
and then 1 mL of SbCl;-DDT precursor solution was injected swiftly into
the reaction system. After 10 s, the reaction was stopped and cooled down
by immersing the flask into a water bath, and the final FLA was obtained
by centrifugation. In order to isolate the thickest nanosheets, the mixture
was centrifuged twice at 13 400 rpm for 20 min and redispersed in CHCl;.

Synthesis of Few Layer Antimonene Hexagons in Continuous Flow: The
reaction medium, ODE and OA, were degassed under vacuum for 30 min
at 110 °C. After that reaction medium and precursor, in a 5:1 ratio, were
mixed under Ar in a flask. The tubular steel reactor used was 50 cm long,
6 mm internal diameter, and 8 mm external diameter and was heated up
through Joule effect. The reactor was preheated at 250 °C, and then the
mixture was pumped in the reactor by a peristaltic pump with an 11 mL
min~" flow. The product was cooled down at room temperature in the
collector flask. FLA hexagons were centrifuged at 8000 rpm for 5 min. and
washed with chloroform three times to remove the reaction solvents.

Supporting information provides a detailed description of the
methods used in this work.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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