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Antimony powder is transformed into 2D antimonene in a vortex
fluidic device (VFD) at ambient conditions, depending on the choice of
solvent (optimised as a 1:1 mixture of isopropyl alcohol and dime-
thylformamide) and the operating parameters of the microfluidic
platform which houses a rapidly rotating quartz tube inclined at +45°.
It is hypothesised that the Coriolis force from the hemispherical base
of the tube, as typhoon like high-shear topological fluid flow down to
submicron dimensions, generates localised heating at the quartz
interface. This melts the antimony powder (m.p. 630.6 °C) in situ which
crystallizes in the B-phase, with semi-conducting antimonene a few
layers thick, and demonstrating novel photoluminescence.

The first 2D nanomaterial (NMs) discovered was graphene, in
2004,' with now numerous other 2D materials restricted in one
direction being reported.>* 2D NMs have attracted significant
interest owing to their unique chemical and physical properties.
These properties are important in catalysis, energy storage,
sensors, and electronic devices.* 2D NMs include hexagonal
boron nitride,® silicene,® and germanene’ of the group 14
elements, as for carbon. Group 15 elements (pnictogens) can
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also form 2D NMs, as arsenene, phosphorene® and antimonene®
with the latter having potential in thermal energy conversion,
optoelectronics, spintronics, and electronics.* Enhanced
stability, high carrier mobility, and a tuneable bandgap are only
some of the novel properties of antimonene.

A variety of approaches have been developed for the
synthesis of antimonene, with first-principal calculations pre-
dicting that it has a stable 2D B-phase with unique properties,
with its specific synthesis challenging.**** The synthesis of 2D
NMs in general involves top-down and bottom up'* approaches
with the latter involving chemical vapour deposition (CVD),*
epitaxial growth, and wet-chemical synthesis.'® Top-down
approaches include mechanical exfoliation, sonication-
assisted solvent exfoliation, and liquid-phase exfoliation
(LPE)."”*® The synthesis of high quality 2D antimonene as a top
down process is challenging because of the stronger interlayer
binding between individual sheets.” Sb has a high melting point
(630.6 °C) which would normally preclude solution-based
recrystallisation of the element as a route to producing nano-
materials, including any subsequent exfoliation requirements
for generating antimonene. We now report the direct synthesis
of 2D antimonene from elemental Sb powder in organic
solvents in a vortex fluidic device (VFD)," Fig. 1(a), using short
processing times (10 min) and without the need for using
auxiliary substances. The VFD is a thin film microfluidic plat-
form housing a rapidly rotating quartz tube with a hemi-
spherical base, tilted at 45° (f) which is optimal for most
applications.”** Mechanical energy is induced in localised
micron/submicron heating regimes*?* at the interface of the
quartz tube and the liquid thin film which remarkably melts Sb
in situ, crystallising into multi-layered antimonene. These
heating regimes are formed by Coriolis force generated at the
base of the tube as spinning top (ST) (typhoon like) high-shear
topological fluid flows, Fig. 1(a).**** Melting as such in an
organic solvent in the VFD has been achieved at room temper-
ature for bismuth (271.4 °C).** It is also noteworthy that global
changes in temperature in the VFD during processing are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic diagram showing the VFD operating in the confined
mode under N, gas and the high-shear topological fluid flows of
micron/submicron dimensions, (a), for converting Sb powder into 2D
antimonene, at the base of the spinning top topological flow, (b). (c)
SEM images of as-received Sb powder and the powder ground to
smaller particles, for then processing in the VFD in a mixture of IPA and
DMF (optimised), concentration 0.25 mg mL™% 6 45°, & 4.5k rpm,
10 min processing at ambient temperature. (d) SEM images of the
resulting antimonene. (e) Proposed mechanism of the shear stress-
induced melting and crystallisation of Sb, supported by (f) SEM images
of a crater of Sb formed after 5 min processing in water, under N, gas,
under UV 254 nm, 0.25 mg mL™%, ¢ 45°, w 4.5k rpm (see also
Fig. S3(@)7).

minimal with high heat dissipation and the ability to carry out
highly exothermic reactions at room temperature.*

The VFD has been used to specifically exfoliate 2D materials,
including graphite,* boron nitride,”® phosphorene,” MXene,*®
and MoS,.*” However, for the purpose of preparing antimonene
herein, the primary effect of the VFD is localised shear stress-
induced melting and recrystallization from ST flow, rather
than direct exfoliation, and the processing is therefore distinctly
different. We note that for either topological fluid flows,
Fig. 1(a), periodically there will be areas where shear stress on
the surface of the tube is minimal, as established from
‘molecular drilling’ experiments for polymer films deposited on
the surface of the tube.” In these areas, dense antimony parti-
cles are expected to be held centrifugally against the surface of
the tube. This will position them for the approaching high shear
flows moving across the surface of the tube, for then melting of
the antimony within ST flow, in forming thin sheets of the
element. Single high shear exposure events as such are expected
to be short, noting that enzymatic reaction rates are dramati-
cally enhanced in the VFD without the enzymes being degraded
under otherwise compromising conditions.****

The as-received bulk Sb powder was pulverised in air for
10 min in a mortar and pestle, affording 5 to 50 um particles,
Fig. 1(c), followed by dispersing 5 mg of the finely divided
material in 20 mL IPA and DMF in a 1:1 ratio, which was
optimal for confined mode processing (see below) or similarly
for other solvents systems, and also water, although here for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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long processing times, there is extensive oxidation, ESI Fig. S2.+
Next, 1 mL of this liquid was placed into a 20 mm diameter
quartz VFD tube (17.5 mm internal diameter (ID)) 18.5 mm in
length, and was then processed under dry N, gas in order to
minimise any oxidation of Sb, as evident in Fig. S17 with
charging of the particles apparent in the SEM images. The tube
was spun at 4.5k rpm for which the ST is the dominant topo-
logical flow,** and for which we hypothesised that the localised
heating would melt the element. This type of processing is the
so-called confined mode of operation of the VFD, and for larger
scale synthesis we used the up-sized large VFD (L-VFD) which
houses a 50 mm OD (46 mm ID) quartz tube, 45 cm in length
(see below).*® The corresponding speed here for the dominant
ST flow is 1.75k rpm, with the volume capacity of liquid in the
tube ~30 mL. This is in contrast to a maximum of 2 mL for the
20 mm diameter tube rotating at 4.5k rpm.*® For all processing
in both diameter tubes, the tilt angle 6 was set at +45°.

The effect of different concentrations of Sb powder on the
formation of 2D antimonene (0.1, 0.25, 1, 3, 5 and 10 mg mL ")
(ESI Fig. S3 and S4f), was also investigated, with 3 mg.mL ™"
giving the highest isolated yield, at 16%. This intermediate
concentration most likely represents the highest concentration
before the particles of the starting material begin to disturb the
topological fluid flow, as noted in other materials applications
of the VFD.?*** After processing in the VFD (20 mm OD tube), all
mixtures were centrifuged for 5 min at 1200 x g to precipitate any
unprocessed Sb particles which can be recycled. The superna-
tant was then drop cast onto a Si wafer for SEM, Raman spec-
troscopy, AFM, and XPS studies. SEM images showed the
formation of flat sheets, Fig. 1(d).

SEM images of material generated from antimony powder
after short processing times in the VFD provided insight into
the mechanism of formation of the antimonene. Some 2D
sheets are formed after 30 s processing, with increasing
conversion for increasing processing times, Fig. S1(d-i), S4(a
and b)t; 5 min processing revealed craters with a central ridge,
Fig. 1(f), which represent a mould of the base of the ST flow with
the ridge arising from rapid cooling and crystallisation as the
liquid antimony is drawn up the ST and rapidly cooled, noting
the high heat transfer to the surrounding liquid in the dynamic
thin film of solvent. The above central ridges were initially
formed under UV radiation (A = 254 nm) in studying field effects
for the processing for which the VFD is highly adaptable.>®**
However, there was no apparent effect with central ridges
identified in the absence of UV, Fig. S3(a).t

The melting occurs at the interface of the liquid and the
surface of the tube with the pressure of the fluid flow down on
the surface of the tube ensuring that the thickness of the Sb is
minimal. Added to this, the lateral sideways force in the ST can
induce exfoliation of the Sb post squeezing, into a thin layer of
the element, as established for MoS, exfoliation.*® VFD pro-
cessing transforms the chunky antimony particles ~5 to 50 pm
in diameter into sheets with lateral dimensions ~80 to 115 pum,
for 0.25 mg.mL ™' concentration of Sb, Fig. 1(d). This was
determined from SEM images, using Image] for 23 particles for
each sample, Fig. S3(e-g).t The lateral dimensions of the pro-
cessed Sb are much larger than that of the starting material with
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their thickness investigated using AFM, Fig. 2. Height profile
experiments establishes that the sheets are ~3 and 5 nm thick.
The approximate volume of these thin sheets (~115 um x 80
um x ~5 nm), ESI Fig. S3(C),t is 46 pm® which is consistent
with it being derived from a single particle of starting material.
Processing for 30 s and 2 min affording 2D sheets 16 to 126 nm
thick, ESI Fig. S4(a, b) and S9.7 This is also consistent with the
ST topological fluid flow rapidly heating Sb particles on the
interfacial surfaces of VFD tubes to ultimately form very thin
antimonene sheets. Raman spectroscopy is applicable for Sb,*
and for the bulk material used in the present study, the Eg and
Alg modes of vibration are at 110 and 146 cm ™, respectively (A
= 532 nm). However, no Raman signal was evident for the
generated antimonene, ESI Fig. S5(a),T as noted previously for
ultrathin material of Sb.?**

CoK,, X-ray diffraction (XRD) established that the as-received
and transformed thin sheets correspond to the B-phase of Sb,
Fig. 3(a). The intensity of the c-axis plane (003), 26 = 27.63°, and
the second harmonic plane at 56.93° (006) is consistent with the
formation of thin sheets of Sb. The X-ray diffraction (XRD) data
establishes that the as-received antimony, which according to
the standard card (JCPDS No. 00-035-0732) is the hexagonal
phase, is transformed into exclusively thin sheets of the B-Sb
phase, Fig. 3(a and b), with no peak evident for the 26 peak
corresponding to the (003) plane at 26 = 27.63° in the VFD
prepared 2D antimonene, Fig. 3(a). In addition, the highest
peak corresponding to the (012) plane is shifted from 26 =
33.50° for the as received Sb to 33.60° for the 2D material,
Fig. 3(b), which is due to lattice shrinkage."**

High resolution (HR)-TEM images with a d spacing of 0.22-
0.23 nm and Fast Fourier transform (FFT) images match the f-
phase for the antimonene, Fig. 3(c—f),"*** with no noticeable
defects, with EDX mapping and sum spectra of TEM-EDX
mapping in Fig. 3(g) and ESI S8,1 respectively. The X-ray
photoelectron spectroscopy (XPS) survey spectra of Sb powder
and Sb sheets, Fig. 4(a and b), show the core level spectrum of
Sb 3d with doublet peaks at 529.8 and 539 eV, corresponding to
Sb 3ds,, and Sb 3d3/,, which are shifted to 530 and 539.5 eV due
to Sb—O moieties, ESI Fig. S6.1 The Sb 3d;,, and Sb 3ds/, peaks
overlap with an O 1s peak at 530.3 eV, and also noteworthy is a N
1s peak and a C 1s peak, presumably arising from solvent
molecules coordinating to Sb. The presence of oxygen can arise
from some oxidation of Sb and/or the presence of IPA/DMF
physisorbed or covalently attached through oxygen as coordi-
nation interactions, or indeed decomposition of the solvents.
For the latter, we note that antimonene can be covalently

Height (nm)
% }\
>
<

Fig.2 (a) SEM and (b) AFM images of antimoene with (c) height profiles
for the indicated positions, with the sample prepared using optimal
conditions, Fig. 1.
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Fig. 3 (a) XRD for as-received (black) and VFD-processed Sb (blue)
using optimal conditions (1 1.79 A), along with the structure of the B-
phase, Fig. 1. (b) Broadened and shifted (012) peaks for processed
material (blue) relative to as-received Sb (back). (c) TEM image of 2D Sb
sheets. (d) HR-TEM with zoom section in (e) for interplanar spacing. (f)
Fast Fourier Transform (FFT) pattern from (c). (g) EDX elemental
mapping of material formed under the optimised conditions in Fig. 1.

functionalized,*® forming stable coordination bonds, thereby
protecting and shielding the antimony surface from oxidation
and environmental degradation. Thermogravimetric analysis
(TGA) showed ~50% weight loss up to 420 °C, mostly above
~200 °C, with gradual weight loss leading up to 600 °C, with
differential scanning calorimetry (DSC) showing no phase
change, Fig. 4(c). A further 4.08% loss of mass occurred between
420 and 500 °C, and 6.2% between 500 and 600 °C, which
suggests that any surface bound moieties have been removed.
After heating the sample to 600 °C, XRD of the cooled sample,
ESI Fig. S7, revealed two new peaks assignable to the presence
of Sb,0; (ref. 36) (26 = 37.5° and 53.5°) which could arise from
surface oxidation of elemental Sb on exposure to air after TGA
analysis and/or decomposition of physisorbed IPA.

We investigated the scaling up of the synthesis of anti-
monene initially under continuous flow which involved deliv-
ering a 0.25 mg mL ™" solution to the base of the VFD tube at 0.5
mL min~ " using a syringe pump, » = 4.5k rpm and 6 = 45°.
However, the material adhered to the side wall of the tube, and
interestingly tilting the tube to § = —45° (top of the tube below
the horizontal position) under continuous flow resulted in the
formation of irregular rods rather than 2D material. This tilt
angle has been used for exfoliating 2D h-BN® under flow, and
the formation of the rods herein at this tilt angle establishes
that the high shear under these conditions also melts the Sb. In
addition, the results are consistent with the presence of ST flow
originating from the base of the tube for § = 45° as the primary
force for generating the antimonene sheets with any exfoliation
as a secondary process, Fig. S3(d)t.>” We also used a L-VFD with
6 = 45° and w = 1.6k and 1.8k rpm, ESI Fig. S4(d-f),T noting that
4.5k rpm for the 20 mm diameter VFD corresponds to 1.75k rpm
for the L-VFD in terms of shear stress effects.***

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) XPS survey of as-received Sb and antimonene sheets formed
in IPA: DMF in the VFD operating in the confined mode for the opti-

mised conditions in Fig. 1. (b) Zoomed in C and N peaks. (c) TGA and

DSC curves for the 2D Sb sheets heated under N, gas at 10 °C min~*.

(d) Excitation emission matrix of the 2D Sb sheets. (e) Current—voltage
(I-V) measurement for (Si—H)—-Pt junction showing the typical current
rectifying behaviour of a metal-semiconductor junction. Inset in (e)
shows a schematic of the AFM (/I-V) measurement for (Si—H)-Pt
junction. (f) Schematic of AFM (/-V) measurement for (Si—-H)-Sb-Pt
junction. (g) AFM height topography of (Si—H)-Sb sheets—Pt junction.
(h) (I-V) measurements corresponding to the 2D-Sb sheet shown in
AFM image in (g) that formed under optimal conditions in Fig. 1.

Here the use of a higher concentration of Sb of 10 mg mL "
was possible in forming antimonene of comparable thickness
to that of processing in L-VFD, ESI Fig. S4(d-f)} with 26.7 mg of
the material isolated (13.5%) after 10 min processing of 20 mL
of solution in the confined mode; continuous flow processing
using the L-VFD was not possible for the same reason as for the
20 mm diameter tube.

UV absorption for the antimonene occurs at 230 nm,
showing photoluminescence (PL) properties ranging from 280
to 320 nm, Fig. 4(d), for the material synthesised in the L-VFD,
for a concentration of 10 mg mL™". To our knowledge, there is
no report that the absorption of 2D antimonene in specific UVB
regions. Through the Tauc plot, ESI Fig. S10,7 the bandgap of
this antimonene nanodisc is determined to be 4.87 eV, as the
first wide bandgap for antimonene, and is likely due to the
quantum confinement effect. This finding provides evidence for
a strategy for tuning the emission properties of 2D antimonene
sheets, using VFD processing, and offering a way for its poten-
tial application as a light-source material and in other areas
which are requiring the emission of light in this region.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Current-voltage measurements of the broad antimonene
sheets was acquired using conductive atomic force microscopy
(CAFM) involving sandwiching the 2D Sb sheets between a Pt
AFM-tip and a Si surface under a bias voltage, Fig. 4(e and f).
Unlike direct Pt-Si circuits that show asymmetrical current-
voltage properties (rectifier), the Pt-2D-Sb-sheet-Si junctions,
Fig. 4(g and h), illustrates relatively more symmetrical current-
voltage plots typical of ohmic contacts. These results have
implications in nanoelectronics since Sb is often used for Si
doping , ESI Fig. S11.}

2D Antimonene sheets are accessible directly from bulk Sb
particles a few microns in diameter, using VFD-processing
carried out at ambient temperature without the additional of
auxiliary agents. Optimal conditions were derived by systemat-
ically exploring the VFD parameter space, and the choice of
solvent mixture, in the confined mode, with then translating to
the upsized larger tube. The spinning top Coriolis generated by
the hemispherical base of the tube imparts the mechanical
energy to melt the Sb and then squeeze it into a thin film, which
crystallises as a 2D material composed of a few layers of anti-
monene in the B-phase, 3 to 5 nm thick. The exclusively formed
B-phase antimonene sheets are thermally stable and behave as
wide bandgap semiconductors with unique photoluminescence
properties.
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