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Rapid dry exfoliation method for tuneable
production of molybdenum disulphide quantum
dots and large micron-dimension sheets†

Mustafa Ahmed, Heba Ahmed, Amgad R. Rezk and Leslie Y. Yeo *

Despite advances in two-dimensional (2D) transition metal dichalcogenide research owing to their out-

standing physical properties, the synthesis of large micron-dimension single-layer sheets of these

materials remains a challenge. Here, we present a novel and unique method to rapidly and flexibly exfoli-

ate bulk molybdenum disulphide (MoS2) into either small nanometre-dimension quantum dots (QDs) or

large micron-dimension sheets comprising predominantly single- or few-layers. The exfoliation process is

conducted in dry phase, i.e., without liquid, by exploiting nanometer-amplitude MHz-order surface

vibrations in the form of surface acoustic waves (SAWs). To produce the small QDs, we take advantage of

the unprecedentedly large surface acceleration—on the order of 108 m s−2—to induce an iterative impac-

tion mechanism involving successive ejection and collision of the bulk MoS2 aggregates within a miniature

enclosure in order to progressively thin and break their lateral dimensions into single- and few-layer QDs.

In contrast, we suppress the impaction in the zero-height enclosure limit by confining the bulk MoS2
under adhesive tape such that the shear that arises due to the travelling SAW on the substrate progress-

ively thins the material whilst preserving their lateral dimension such that large, predominantly-monolayer,

micron-sized sheets are produced with high substrate coverage up to around 80%. This fast, additive-free

and dry exfoliation platform potentially presents a simple yet scalable micromechanical exfoliation

method towards viable commercial production of 2D transition metal dichalcogenides.

1. Introduction

In spite of the well-documented properties of 2D MoS2 and, in
general, other transition metal dichalcogenides,1–7 the practi-
cal adoption of these materials in commercial applications
largely depends on the fabrication process by which they are
synthesized. In particular, the lateral dimension of exfoliated
MoS2 can vary hugely from large micron-scale sheets to small
nano-scale QDs, and their thicknesses from predominantly
single to several layers. The earliest exfoliation methods
involved their peeling with the aid of adhesive tape,8–14 which
offers a way to attain pristine micron dimension sheets down
to single layer thicknesses. Nevertheless, despite its simplicity,
the peeling process, in addition to being rather time-consum-
ing, is extremely skill-dependent, therefore offering very little
run-to-run reproducibility of the flake dimensions and thick-
nesses. More recent developments involving mechanical exfo-
liation have facilitated higher yield synthesis of sheets that are
several hundreds of microns in dimension and allow their

transfer onto a specific substrate desired for a particular appli-
cation, albeit at the expense of introducing complexity, the
need for additives that often contain aggressive etchants, and
the lack of tuneability or scaleability.14 As such, considerable
effort has since been dedicated to the development of alterna-
tive methods to exfoliate these materials, which can be broadly
categorised into either bottom-up or top-down approaches.

In bottom-up approaches, monolayers or few-layers of the
2D crystal are grown on a substrate, primarily by physical or
chemical vapor deposition (PVD/CVD). Although adequately
pristine 2D crystals are obtained,15–18 it is often challenging to
transfer the crystals from the substrate they are grown on
during production onto the desired substrate.18–20 An alterna-
tive technique involving direct sulphurisation of a deposited
thin metal oxide layer19,21–24 circumvents the need for such sub-
strate transfer, but adds further complexity to an already slow
and expensive process, in which the fabrication parameters are
tightly correlated with both the substrate on which the material
is to be grown, as well as the material itself, and thus have to be
finely tuned for each fabrication procedure.25–27

Top-down approaches, on the other hand, typically involve
agitating a liquid suspension of the material at high speeds,
via high-shear mixing in a blender,28–30 electrochemical exfo-
liation,31 ultrasonication32–37 or acoustofluidic microcentrifu-
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gation,38 for example, to drive shearing of its bulk phase into
exfoliated 2D crystals. The processing time, however, ranges
from several to even a hundred hours, especially if the mono-
layer yield is to be increased.30,32,37,39,40 Paradoxically, the
longer the shearing process to acquire more crystals that are in
monolayer form, the greater the tendency to break the material
laterally. Consequently, the 2D crystals that are usually pro-
duced with these methods typically comprise nanosheets with
lateral dimensions in the order of tens of nanometres, or QDs
with lateral dimensions below 15 nm.27,30 As such, the pro-
duction of large sub-micron or micron dimension sheets is
considerably challenging with these methods. Moreover,
liquid exfoliation methods usually employ solvents as interca-
lating agents to enhance the exfoliation process,32,34,35,37,41,42

although their use affects the quality of the exfoliated material
and often poses considerable safety hazards particularly for
large scale production, given that the typical solvents that are
conventionally used, with the exception of a few recent
methods employing pure water,43,44 tend to be volatile, flam-
mable, corrosive and toxic. Other surfactant additives or
binary solvents are often employed to prevent restacking of the
MoS2 layers,33,45 although their use are also generally known
to affect product purity. While binary solvents or thermally-
controlled water as a liquid medium have been used to miti-
gate the effect of these additives,46,47 the adsorbed solvents are
still known to affect the quality of the synthesized material.27

There have since been efforts, albeit limited, to circumvent
the problems associated with liquid-phase exfoliation using
dry grinding and milling;48 these methods, however, still
result in typically smaller lateral sheet sizes on the order of
tens of nanometres48 and require the addition of bulking and
abrasive agents such as NaCl, which lead to contamination of
the final product and hence necessitate subsequent use of a
solvent for their separation. Whichever the method, wet or dry,
the challenge nevertheless remains in obtaining contaminant-
free and pristine larger sheets with sizes beyond 200 nm in
lateral dimension.

Here, we attempt to address the aforementioned challenges
associated with bottom-up approaches by developing a dry
(solvent- and additive-free) technique that is able to synthesize
relatively large micron-dimension MoS2 sheets, or, alterna-
tively, smaller nanoscale QDs, with acceptable monolayer
yields. In either case, a dry, stable powder of exfoliated product
that is free from additives and that does not restack—a
problem generally associated with exfoliation involving liquid
suspensions—is obtained. The method builds upon our recent
work demonstrating the possibility of utilising surface acoustic
waves (SAWs)—nanometre amplitude electromechanical waves
that propagate along the surface of a piezoelectric
substrate49,50—to efficiently exfoliate bulk transition metal
dichalcogenides into either monolayer or few-layer 30 nm
dimension nanosheets51 or QDs52 through a microfluidic neb-
ulisation process. However, unlike these liquid-phase pre-
cedents, wherein the remarkably large substrate acceleration
associated with the SAW—on the order 108 m s−2 (ref. 53–55)
—was exploited to drive the nebulisation of a liquid suspen-

sion of the bulk material to induce its exfoliation, we harness
this extremely potent mechanism to instead supply the
mechanical shear and impact forces necessary to drive the
exfoliation process in dry solid phase. We shall show, in stark
contrast, that this not only allows comparably thin (monolayer
to few-layers), albeit significantly larger, micron-sized MoS2
sheets to be produced, but also allows the tuneable possibility
of synthesizing nanometre-dimension QDs—both without
necessitating any liquid, including solvents and additives.

2. Materials & methods

The schematics in Fig. 1 provide an illustration of the experi-
mental setup, comprising the single-crystal piezoelectric
lithium niobate (128° Y-rotated, X-propagating LiNbO3; Roditi
Ltd, London, UK) chipscale substrate on which the SAW propa-
gates. The SAW itself is generated by applying an oscillating
electrical signal at resonance from a signal generator (SML01;
Rhode & Schwarz, North Ryde, NSW, Australia) and amplifier
(LYZ-22+; Mini Circuits, Brooklyn, NY, USA) to focussed inter-
digitated transducer electrodes (IDTs) consisting of sixty
5 mm-wide interleaved finger pairs with a gap and spacing
that corresponds to one-eighth of the SAW wavelength λ =
132 μm and hence its resonant frequency ω = 30 MHz. The
IDTs, which comprise single-phase unidirectional transducer
(SPUDT) designs, wherein acoustic reflectors are inserted
between the electrode fingers such that the SAW only propa-
gates in the forward direction (i.e., the waves constructively
interfere in the forward direction and destructively in the
reverse), were patterned onto the chip by sputter coating
(SPI-Module Sputter Coater; Structure Probe Inc., West
Chester, PA, USA) a 10 nm chromium adhesion layer and a
500 nm aluminium layer onto the substrate, followed by
etching using standard photolithography techniques.

Depending on whether nanoscale QDs or large micron
sheets are desired, we either contained 5 mg of bulk MoS2
powder (6 μm, 99.9% purity (US1089M, CAS: 1317-33-5); US
Research Nanomaterials Inc., Houston, TX, USA) within a
custom-made glass enclosure of dimensions 5 mm × 5 mm ×
1 mm (Fig. 1(a, b)), or confined 1 mg of bulk MoS2 powder
under thermal adhesive tape (Graphene Square, Fort Lee, NJ,
USA) and a 1 g load (Fig. 1(c, d)) prior to their excitation with
the SAW. In the former, the input power was 1 mW prior to
amplification with a 20% duty cycle (50 ms per 250 ms),
whereas we employed either 0.05 mW or 0.2 mW subject to a
50% duty cycle (50 ms per 100 ms) in the latter; regular tape
was also used in place of the thermal adhesive with no effect
on the result, although this required an additional wash step
with 45% ethanol after the exfoliation. To release the exfoliated
particles from the tape in the latter case, we heat the device to
100 °C for 3 min. The particulate product comprising the exfo-
liated MoS2 from either case was collected in a microcentrifuge
tube (Eppendorf South Pacific Pty. Ltd, North Ryde, NSW,
Australia) and suspended in 1 ml 45% ethanol in deionised
water (18.2 MΩ cm, Milli-Q; MerckMillipore, Bayswater, VIC,
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Australia), prior to being centrifuged (10 000 rpm for 20 min in
the former case and 2000 rpm for 5 min in the latter case) to
separate the supernatant containing the exfoliated product
from the remaining bulk material. We note that this final step
involving collection in a solvent was only required for size frac-
tionation for characterisation of the sample; collection of the
exfoliated product powder in dry stable form is possible since
they are not bound to the substrate.

The MoS2 QDs or sheets that were collected were then de-
posited onto a mica substrate and dried overnight in vacuum
at room temperature prior to Atomic Force Microscopy (AFM)

imaging (Multimode 8 with PeakForce Tunneling (TUNA)
module; Bruker Corp., Santa Barbara, CA, USA). For high
resolution Transmission Electron Microscopy (HR-TEM;
Tecnai F20, FEI, Hillsboro, OR, USA), the samples were instead
dried at room temperature on a carbon grid, on which they
were imaged under an accelerating voltage of 200 kV. AFM
images were flattened at 0.5 nm z-threshold and the analyses
to measure their thicknesses and lateral dimensions were
carried out using the supplied software (NanoScope, v1.8;
Bruker Corp., Santa Barbara, CA, USA). We analysed at least
100 particles per experimental condition for the QDs and over

Fig. 1 Schematic depiction of the device employed for dry exfoliation of MoS2 in which two configurations of the experimental setup were
explored. (a, b) Perspective and side view illustrations of the setup in which the bulk MoS2 powder feedstock was contained within a glass enclosure
and exfoliated into QDs via an impact mechanism involving multiple ejection–collision–settling cycles occurring within the enclosure due to the
large SAW substrate acceleration. (c, d) Perspective and side view illustrations of the asymptotic zero-height-limit setup in which the bulk MoS2
powder feedstock was confined under adhesive tape such that it is progressively delaminated into large micron-sized sheets by the shear arising
due to the SAW propagation along the substrate surface.
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800 particles for the large sheets. Powder X-ray diffraction
(XRD) of exfoliated MoS2 (D8 Advance, Bruker Pty. Ltd,
Preston, VIC, Australia) with Cu Kα radiation at 40 mA and 40
kV (λ = 1.54 Å) at a scan rate of 2° min−1, step size of 0.02° and
a 2θ range of 6° to 90° on a glass substrate was compared to
bulk powder data (Crystallography Open Database56,57 infor-
mation card entry 1010993 58). Raman spectroscopy of the exfo-
liated product was, on the other hand, carried out via exci-
tation at 532 nm (10 mW, 370–420 cm−1 acquisition range,
LabRAM HR Evolution; Horiba Ltd, Kyoto, Japan) whereas UV/
Vis absorbance, photoluminescence (PL) and fluorescence
measurements were performed using a quartz cuvette (10 mm
path length, FireFlySci 701MFL; Quark Photonics Pty. Ltd,
Melbourne, VIC, AU) in a UV/Vis spectrophotometer (Cary 50
UV-Vis; Varian Inc., Santa Clara, CA, USA) and UV/Vis spectro-
fluorometer (Fluoromax-4P; Horiba Ltd, Kyoto, Japan).

3. Results & discussion

In the first configuration, i.e., the production of QDs, the large
particulates comprising the bulk MoS2 feed in the enclosure
were ejected from the substrate due to the tremendous O (108

m s−2) surface acceleration that is generated on the substrate
as the SAW traverses along it, subsequently colliding with the
top and side walls of the enclosure (Fig. 1(a, b)) and settling
before being re-ejected. This ejection–collision–settling
sequence occurs over many cycles. The ejection and collision
events initially fragment aggregates present in the bulk powder
feedstock into clumps that are approximately on the order of
100 μm in dimension, consistent with that observed in pre-
vious work in which the large substrate acceleration associated
with the SAW was exploited for the deagglomeration of carbon
nanotube bundles59. As shown in Fig. 2 for two of the ejec-
tion–collision–settling cycles, it can be seen, however, that the
repetitive events over many cycles lead to progressive fragmen-
tation of the clumps beyond their deagglomeration, not just
into individual flakes but also cleaving and thinning them
down to monolayer and few-layer QDs. This is evident in the
results shown in Fig. 3, where increasing the exposure time of
the SAW excitation—which is commensurate to increasing the
number of ejection and collision cycles, and hence impact
events—can be seen to lead to dimensional reduction of the

MoS2. After just 100 ms (or around 50 impact events, assuming
an in-flight velocity of 0.5 m s−1, as estimated from high speed
video images (ESI Fig. 1†)), we were able to obtain fairly mono-
dispersed 10 nm QDs of which around 90% consisted of either
monolayers or two-layers (Fig. 3(IV-d)).

Such impact-driven dimensional reduction is perhaps not
surprising when the force experienced by a single MoS2 flake
during ejection is considered. For a substrate displacement
amplitude ξ—estimated via laser Doppler vibrometry
(UHF-120; Polytec Inc., Irvine, CA, USA)—of approximately
20 nm, we estimate a force ρL2hω2ξ of approximately 100 nN,
which is on the order of that required for rupture of MoS2
flakes induced by an AFM tip;60 here, ρ is the flake density,
and, L and h are its lateral dimension and thickness, respect-
ively. Moreover, the AFM scans in Fig. 3, as well as the PL
intensity spectra in Fig. 4 (see also ESI Fig. 2(a)† where the
data shows excitation at different wavelengths, exhibiting a
progressive blue shift commensurate with a reduction in the
dimensions of the material61,62 with increasing SAW exposure
duration) suggest the possibility for flexibly tuning the QD syn-
thesis, both in terms of their height (i.e., number of layers)
and their lateral dimension, simply through modulation of the
incredibly short millisecond-order exposure time. Further
characterisation of the QDs with UV-Vis absorbance spec-
trometry can be found in ESI Fig. 2(b)† indicating the absor-
bance and overall collective PL behaviour of the QDs, powder
XRD in ESI Fig. 3† indicating that the sample primarily com-
prises the 2H phase, HR-TEM in ESI Fig. 4† showing the
sample size and crystallinity, and the data in ESI Fig. 5†
showing the quantum yield increase with increasing SAW
exposure duration.

The latter configuration, in which the bulk MoS2 feed is
confined beneath adhesive tape (Fig. 1(c, d)), on the other
hand, constitutes the asymptotic limit of zero-enclosure-height
wherein all impact events (i.e., the ejection–collision–settling
cycles) are suppressed. In this case, large MoS2 sheets are pro-
duced in place of the QDs (Fig. 5). This is because the impac-
tion mechanism in the former enclosure configuration in
Fig. 1(a, b) primarily results in the reduction of the particu-
lates in both dimensions, i.e., the thickness as well as the
lateral dimension. As seen by the resultant MoS2 sheets in
Fig. 5(a, b) (see also the HR-TEM image and the associated
diffraction pattern of representative sheets in ESI Fig. 6†

Fig. 2 Sequence of images captured by high speed videography depicting the dominant mechanism for the exfoliation of bulk MoS2 within the
containment enclosure illustrated in Fig. 1(a, b) for the production of QDs. (a–g) Two ejection–collision–settling cycle sequences over 6 ms in dur-
ation (1 ms increments between frames) wherein an MoS2 powder cluster is progressively reduced in both height and lateral dimension upon impact
with the walls of the enclosure.
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showing the crystalline nature of the sheets), on the other
hand, suppressing the impact by confining the sheets to the
substrate, in contrast, allows the shear force that arises as a
consequence of the SAW propagation along the substrate
surface to dominate such that the stacked layers in the
material are progressively delaminated whilst preserving their
lateral dimensions, regardless of the starting thickness of the
bulk material.

That travelling SAWs can give rise to sliding motion of a
wide range of object sizes along the substrate surface, be it for
relatively large millimeter-scale objects such as sliders,63

micropropellers64 or droplets,65–70 or small sub-micron objects
such as nanowires71 and even sub-atomic particles such as
excitons,72 has previously been reported. In each of these,
including the present case, the SAW acts as a conveyor belt
that translates these objects along its propagation direction. By
immobilising the topmost layer of the material to the adhesive
tape in the present configuration (Fig. 1(c, d)), the moving

Fig. 3 (a) AFM scans and (b) height profiles, and, corresponding (c) thickness and (d) lateral dimension frequency distributions of the MoS2 QDs pro-
duced under impaction through multiple ejection–collision–settling cycles within the enclosure (Fig. 1(a, b)) due to the large SAW substrate accel-
eration over different excitation times: (I) 0.1 ms, (II) 1 ms, (III) 50 ms, and, (IV) 100 ms.

Fig. 4 Normalised PL spectra of the QDs produced in the enclosure
setup depicted in Fig. 1(a, b) for increasing SAW exposure times. A blue-
shift in the PL peak can be seen with increasing exposure duration.
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surface beneath successively shears individual layers of the
material adjacent to it as the travelling SAW propagates, and
subsequently transports them away from the parent cluster, as
depicted in the schematic in Fig. 1d. As their lateral dimen-
sions are more or less preserved due to the suppression of the
impact force, we observe this technique to remarkably result in
large, pristine monolayer sheets (Fig. 5(a–d))—which is
difficult to achieve with many other techniques.27

Moreover, it can be seen that the surface area coverage of
the sheets, given in terms of the number of layers for each
individual sheet in Fig. 5(e), is impressively large (≈80%),
most of which comprise single-layer sheets with the exception
of a few that are made up of two layers or more (Fig. 5(f )); the
data has been compiled from a number of AFM images
accounting for over 800 sheets, for which three sample images
are shown in ESI Fig. 7(c).† We further characterised the exfo-
liated sheets through powder XRD and Raman spectroscopy
(ESI Fig. 8(a, b)†) and show from the absorption spectra and
corresponding excitonic peaks for four samples acquired for
different SAW exposure durations and powers that the sheet
concentration and yield can be tuned to some extent by
increasing either the time or intensity over which the samples
are exposed to the SAW (ESI Fig. 8(c)†), thus allowing the pro-
duction rate of an already rapid exfoliation process to be
increased. While the equivalent monolayer yield, obtained
from the UV-Vis spectra, is relatively low (≈0.24%) for a single
device, we note that the throughput can be dramatically
increased through scaling out via device parallelisation,
especially given the low cost of each device (≈US$1 by
exploiting the economies of scale associated with mass nano-
fabrication) and the speed of the process.

4. Conclusion

In summary, we have demonstrated a novel chipscale platform for
fast, dry (solvent- and additive-free) MoS2 exfoliation that allows
the synthesis of either small nanometre-scale QDs through an
impaction mechanism involving repetitive ejection and collision
events within an enclosure by taking advantage of the tremen-
dous substrate acceleration associated with the SAW, or, in the
zero-height-limit of the enclosure, large micron-dimension sheets
with high surface coverage through a shearing mechanism.
Further, we show that it is possible to tune the lateral dimension
as well as the thickness down to monolayer QDs and sheets
through the SAW power and exposure duration. Not only is the
chemical nature of the material, i.e. MoS2, maintained despite its
exposure to the acoustic radiation,73 the absence of any chemical
additives preserves the quality of the end product, which is a sig-
nificant advantage over other methods. Furthermore, the simpli-
city and low-cost of the process facilitates production intensifica-
tion towards larger-scale yields through massive parallelisation of
the miniaturised chip-scale setup.
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