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ABSTRACT: Liquid phase exfoliation techniques of layered crystals establish the
basis for high yield production of two-dimensional (2D) flakes suspension.
However, such techniques generally require a long processing time. The recent
demonstration of the piezoelectric phenomenon in noncentrosymmetric layered
transition metal dichalcogenides, such as molybdenum disulfide (MoS2), leads to
new opportunities for fast and efficient exfoliation processes. Here we use
concomitant electric field and mechanical shear force for producing a suspension of
MoS2 nanoflakes from exfoliation of their layered bulk powder particles. The
electrical and mechanical fields are applied by a surface acoustic wave (SAW)
microcentrifugation device. We show that the overall yield per unit of time of
3.816%/h can be achieved, which is at least an order of magnitude larger than
previously reported liquid phase exfoliation methods. Simultaneously, the impressive
monolayer yield is 58% in an excellent agreement with the computational estimation
based on electric field assisted density functional theory calculations. The work
therefore reports two major advancements. We show efficient exfoliation of layered MoS2. More importantly, we demonstrate
the importance of the electric field in increasing the efficiency of liquid phase exfoliation. It is thus expected that these outcomes
to fundamentally impact research activities focused on the exfoliation of piezoelectric 2D materials.

■ INTRODUCTION

Liquid phase exfoliation is a common method for obtaining
high yield suspensions of two-dimensional (2D) transition
metal dichalcogenide flakes.1−3 Different liquid phase exfolia-
tion methods including mechanical blending and grinding, and
also shear mixing (or a combination of them) have been
developed.2−8 These techniques may require a long processing
time and sometimes a low proportion of monolayers are
achieved.7−10 A high population of monolayers can be
exfoliated by liquid phase ion intercalation processes; however,
such methods are still time-consuming, require hazardous
solvents, and contribute to phase transformation.3,11−15

A pathway to increase the efficiency of exfoliating non-
centrosymmetric layered crystals is to devise a process based
on surface acoustic waves (SAWs). A SAW is a nanometer-
order amplitude mechanical wave, accompanying an electric
field, which propagates along the surface of a piezoelectric
substrate. The extremely large surface acceleration along the
substrate as the SAW traverses is an efficient means for driving
liquid actuation at the microscale,16−18 including micro-
centrifugation flows that will be exploited in this work to
exfoliate the flakes.

The concomitant electric field with the mechanical wave in
that constitutes the SAW19,20 can be advantageous for
enhancing the exfoliation process of layered transition metal
dichalcogenides, such as 2H MoS2 under specific conditions.
Adjacent planes of 2H MoS2 are held together by weak van der
Waals forces to form the bulk of the crystal. The stacking
arrangement of adjacent atomic layers in bulk 2H MoS2 makes
it centrosymmetric, which does not show piezoelectricity. In
contrast, dimensionally reduced monolayered or odd layered
MoS2 exhibits strong piezoelectricity due to their non-
centrosymmetric crystal structure.21,22 The piezoelectricity
depends on the number of layers. For example, the
piezoelectric coupling coefficient of monolayer MoS2 is 3
times higher than that of trilayer.22 Such noncentrosymmetric
behavior, hence emergence of piezoelectricity, is also observed
for the outer planes on each side the 2H MoS2 bulk.
Given the piezoelectricity of noncentrosymmetric 2H MoS2,

the SAW induced electric field exerts a force on the top
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piezoelectric layer of the bulk 2H MoS2 or the flakes that are
made of an odd number of layers. This is in addition to the
mechanical shear imparted on the material, regardless of
whether it is centrosymmetric or noncentrosymmetric, by the
SAW and the flow it induces in the liquid. It is expected that
the combination of the shear force and electric field make the
exfoliation process much more efficient. On the basis of this
assumption, we therefore utilize a microcentrifugation process
to exfoliate layered 2H MoS2. In particular, we demonstrate
that the thickness of layered MoS2 can be tuned through
controlled manipulation of the SAW exposure duration, and
verify the experimental results for the number of layers we
obtained with a computational prediction.

■ EXPERIMENTAL SECTION
Fabrication of the SAW Device. Optically surface polished 500

μm thick single crystal 128° Y-rotated lithium niobate (128° YX
LiNbO3) wafer was used as the substrate on which two sets of
interdigital transducers (IDTs, Figure S1, Supporting Information)
were patterned using a standard UV photolithography process.23 Each
IDT comprised 20 finger pairs. Additionally, a reflector is patterned in
parallel to each IDT to reflect the acoustic waves from the devices’
edges back to the position where the liquid is deposited on the SAW
device. These reflectors each comprise 20 metal strips with each finger
has possessing a width of 50 μm. As such, in IDTs, each metallic
finger pairs and their associated spacing, has a width of 200 μm,
resulting in a similar wavelength that excites the resonance frequency
of ∼19.2 MHz (see Figure S2, Supporting Information) for SAW
traveling at 3850 m s−1. A setup consisting of a RF signal generator
(N10149, Agilent) and power amplifier (ZHL-5W-1) were used to
drive the IDTs at the resonance frequency using an applied sinusoidal
electric field.
Preparation of PDMS Reservoir. Prepolymer of polydimethylsi-

loxane (PDMS) and curing agent (Dow Corning Corporation, USA)
were mixed with a weight ratio of 10:1, and the mixture was poured
into a plastic Petri dish to form a ∼1.5 mm height. This was then
degassed in a vacuum desiccator and cured in a vacuum oven at 80
°C. After the curing process, the PDMS reservoir was prepared by
punching a 4 mm diameter hole. For sealing of the PDMS reservoir
onto the SAW substrate, oxygen plasma was used for 30 s at 400
mTorr in a pressurized chamber (Harrick Plasma, Max Power 200W).
The PDMS reservoir was subsequently pressed against the substrate
immediately after the surfaces treatment and then heated in an oven
at 80 °C for 1 h.
Sample Preparation and Characterization. A sample of 20 mg

of MoS2 powder (99.9% purity, 0.8−1.2 μm size, US Research
Nanomaterials, Inc.) was added to 10 mL of Milli-Q water (bulk
MoS2 powder; Figure S3, Supporting Information). Tween 20 (0.05
mg mL−1, VWR) was then added into the mix to stabilize the
dispersion. After exfoliation with the SAW, the MoS2 nanoflakes in
the supernatant were collected for further characterization after
centrifugation for 30 min at 2000 rpm. Transmission electron
microscopy (TEM) images were acquired using JEOL1010 whereas
high resolution TEM (HRTEM) imaging was performed in both
JEOL2010 and JEOL2100F. Samples for TEM imaging were prepared
by drop-casting the water suspended 2D MoS2 flakes onto TEM grids.
Nanoflake thickness measurements were performed with Bruker
Dimension Icon atomic force microscopy (AFM) in ScanAsyst (air)
mode. Exfoliated MoS2 was drop casted onto gold coated silicon
substrates and Raman analysis of the samples were performed under
ambient conditions using a Jobin Yvon Horiba TRIAX 320
spectrometer fitted with a 100× magnification lens (60 s with 3
accumulations, 532 nm excitation wavelengths). X-ray photoelectron
spectroscopy (XPS) measurements were performed using Thermo K-
Alpha at pass energy of 100 eV for the peak scans. The instrument
uses an Al Kα monochromated X-ray source (1486.7 eV), with a spot
size of approximately 400 μm.

Computational Methods. The Gaussian basis set ab initio
package CRYSTAL14 was used in hybrid spin dependent density
functional theory (DFT) calculations.24,25 The B3LYP hybrid
exchange−correlation functional was employed augmented with an
empirical London-type correction to the energy to include dispersion
contributions to the total energy.26 The correction term is based on
the Grimme method, which has been used with B3LYP for calculating
cohesive energies in dispersion bonded molecular crystals.27,28 For
sulfur, the Durand effective core pseudopotential (ECP) was used to
account for the core electrons in sulfur and 1 31G* basis sets for the
valence electrons. For molybdenum, a Hay−Wadt small-core ECP
was used in order to account for the 28 core electrons and a 311-31G
basis set for the valence electrons.29 Periodically infinite, 1−9 layer
MoS2 nanoflakes were constructed from a geometry optimized MoS2
bulk structure, and their nanoflake energies, under an applied electric
field (perpendicular to the surface of the nanoflake), were calculated
using DFT (B3LYP) and the method described by Grimme to
calculate the dispersion forces. 15 × 15 × 1 k-point sampling was used
for converging the electronic ground state.27,28 This method has been
successfully previously applied to MoS2 and SnS2 nanoflakes
calculations.30,31

■ RESULTS AND DISCUSSION
Standard lithography was employed to pattern the SAW
device, construct the PDMS reservoir, and seal it onto the
transducer, as presented in the Experimental Section. Figure
1A shows a schematic diagram of the microcentrifugation SAW

device that incorporates a PDMS reservoir for the exfoliation
of MoS2. A droplet (17 μL) of 2H MoS2 nanoparticles (2 mg
mL−1) placed into the PDMS reservoir and the SAW device is
excited at ∼3 W (14 V) and ∼19.2 MHz. Illustration of a
monolayer MoS2 after the exfoliation process represented in
Figure 1B.
When a high frequency propagating SAW encounters the

liquid droplet in its path, as shown in Figure 1A, it leaks its
energy into the liquid. This produces a compressional wave in
the liquid, which, as a consequence of viscous attenuation in

Figure 1. Illustration and photographs of microcentrifugation SAW
devices. (A) Illustration of an asymmetric microcentrifugation SAW
device constituting the lithium niobate chip with a PDMS reservoir
bonded onto it. The insets show the IDTs, reflectors, and their
dimensions. (B) Illustration of monolayer MoS2 structure. (C)
Centered droplet aligned with a single IDT on the device giving rise
to two stable acoustic streaming vortices in the droplet. (D)
Azimuthal acoustic streaming circulation in the droplet as a
consequence of the asymmetric positioning of the droplet confined
in the reservoir, which is placed off-center with respect to the two
opposing IDTs. The video of D can be found in Movie S1
(Supporting Information).
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the liquid media, induces strong acoustic streaming within the
droplet (as depicted by the blue arrows in Figure 1C,D).17 We
note that the in-plane component of the SAW beneath the
liquid droplet suffers from minimal attenuation since the
droplet actuation is mainly driven by the out-of-plane
component.32 The degree of symmetry associated with the
droplet streaming is a function of the waves propagation
direction, the droplet position and the boundaries of the
reservoir.18,33 A symmetric streaming pattern comprising two
quasi-steady vortices can be seen if the liquid droplet is
positioned in the center of acoustic wave propagation path
(Figure 1C), whereas an asymmetric pattern leading to
azimuthal streaming is generated if the liquid droplet is placed
off-center with respect to the SAW radiation (Figure 1D). We
found the latter configuration to be more effective for
exfoliation, due to the large streaming velocities ∼0.15 m s−1

that can be attained. As discussed previously in Li et al.,
dispersion of the MoS2 particles occurs under the intense
streaming above a threshold velocity, RF (radio frequency)
power, MoS2 flake properties, and liquid surface tension are the
dominant factors directly correlating the effective thickness-
modulation of MoS2.

33 Powers lower than 0.3 W were

insufficient to produce any streaming flows, and beyond 3 W
liquid atomization was observed. As such, 3 W RF power was
consistently used throughout the experimental study. Low
concentration surfactant was used (see Experimental Section)
in our experiments to stabilize the exfoliated flake dispersions.
The importance of this method is that the process can be
scaled-up by using parallel arrays of devices. Parallel arrays of
low cost microcentrifugation SAW devices (∼USD $1/device)
can be integrated for potential large-scale throughput as well
long-term device operation. The modules of those chips can be
operated simultaneously. The idea of such scaling up has been
demonstrated in a versatile modular plug-and-actuate concept
of microarray titer plate34 that can be adopted for the mass
production of MoS2. The scaling up of our proof-of-concept
work presented in this article utilizing the intrinsic piezo-
electric properties of MoS2 using SAW devices, will be
demonstrated in a future article. In order to investigate and
obtain a better insight into the performance of the system, the
exfoliated MoS2 nanoflakes at different SAW exposure
durations were experimentally characterized with AFM,
TEM, and Raman spectroscopy.

Figure 2. Characterization of thickness distribution. Thickness distribution histograms of the exfoliated MoS2 nanoflakes, obtained from the AFM
measurements, along with typical images and height profile at different SAW exposure durations of (A) 1, (B) 5, (C) 10, (D) 15, (E) 20, and (F)
25 min. It can be seen that the SAW exfoliation process requires at least 25 min to produce monolayers of MoS2 nanoflakes effectively. M
represents the median thickness in the resolution of 0.1 nm.
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Approximately 10 μL of the supernatant solutions was drop-
casted onto Si substrates and imaged by AFM to estimate the
surface topography and thickness profile of the nanoflakes.
Figure 2 represents the AFM images with thickness
distribution histograms for the exfoliated nanoflakes obtained
from 1 to 25 min SAW exposed samples.
A total of 50 nanoflakes were used for the construction of

the histograms for all cases. The flakes showed a large
thickness distribution for the 1 min SAW exposed sample with
a majority in the range 36−42 nm (median of 38.6 nm). The
median for the thickness distribution of nanoflakes continued
to shift to lower values with increasing exposure time (Figure
2). The SAW exfoliation process became monolayer dominant
at 25 min exposure. After this exposure duration, the majority
of the nanoflakes’ thicknesses ranged between ∼1.2 and ∼2 nm
corresponding to monolayer and double layer of MoS2 with

the presence of surfactant residual.35,36 The frequency of
monolayers obtained is relatively high (58%) for the 25 min
case in comparison to other liquid exfoliation methods, and an
analysis of performance is presented later in this text.
Moreover, the 25 min sample exhibits a constricted width
normal distribution curve in comparison to more expanded
distributions for other exfoliation durations. It is important to
consider that the forces applied to the particles consist of
electric field and also shear forces. These shear forces exist
during the exfoliation and are generated by the SAW acoustic
streaming. Even numbered flakes that are not affected by
electric field are exfoliated due to this shear force generated
inside the droplet by the SAW streaming; therefore, a thick
even number of layers is absent in the 25 min SAW exfoliated
sample. The exfoliation trend is clearly seen in Figure 2, and
the median thickness of the flakes constantly decreases from 1

Figure 3. Microscopic characterization of exfoliated nanoflakes. TEM images of the MoS2 nanoflakes exfoliated from bulk 2H MoS2 for different
SAW exposure durations: (A) 1 min, (B) 5 min, (C) 10 min, and (D) 15 min. (E) HRTEM of the 20 min sample with corresponding SAED and
TEM image represented in the inset. (F) HRTEM of the 25 min sample with TEM and SAED (inset).

Figure 4. Structure characterization of exfoliated nanoflakes. (A) Raman spectra of the exfoliated MoS2 nanoflakes at different exfoliation durations.
(B) Wavenumber difference of the E1

2g and A1g Raman modes as a function of SAW exposure time.
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to 25 min due to both SAW streaming and the electric field.
However, the monolayers, which are predicted on the basis of
the mathematical simulations (presented later in this text), are
mostly seen at 25 min time, and that is the duration that the
electric field effect dominates the process.
To further investigate the exfoliation process, TEM of all

samples were obtained and representative examples are shown
in Figure 3 along with the HRTEM and selected area electron
diffraction (SAED) of the long run samples (20 and 25 min).
The TEM images are in general agreement with AFM
topographies. Highly crystalline, defect free MoS2 nanoflakes
are observed in HRTEM images. HRTEM and the SAED show
the hexagonal lattice structure of single crystalline MoS2 with a
fringe spacing of ∼0.27 nm corresponding to the (100) lattice
planes.30 The layer spacing in samples with several in-registry
planes is 0.7 nm.
Micro-Raman spectroscopy was conducted to assess the

vibrational modes of MoS2 nanoflakes obtained with the
different SAW exposure durations. The E1

2g and A1g modes are
considered as they are the thickness dependent modes. As the
MoS2 crystal is dimensionally reduced, the in-plane (E1

2g)
mode of the bulk crystal, whose peak occurs at ∼382 cm−1,
stiffens (thus blue-shifted) and, conversely, the out-of-plane
(A1g) mode, whose peak occurs at ∼407 cm−1, softens (hence
red-shifted).37 The wavenumber difference between the two
main Raman peaks (E1

2g and A1g) is shown in Figure 4A for
bulk, 1, and 25 min SAW exfoliated samples. The 25 min SAW
exfoliated sample possesses the smallest wavenumber differ-
ence (23.62 cm−1) in comparison with that of the bulk (25.64
cm−1).38,39 The full wavenumber versus exfoliation time curve
is presented in Figure 4B. In accordance with AFM, the
wavenumber difference decreases with increasing SAW
exposure duration and hence the reduction in the number of
layers. The difference of wavenumbers in vibrational peaks
(E1

2g and A1g) never reaches those smaller values compared to
the previous reports that are representative of monolayers.37

Such a discrepancy is likely due to the effect of residues on
flakes and also polydispersity of nanoflake thicknesses, which
have been similarly reported previously.39−41

The binding energies of the samples were studied using XPS.
The results for the bulk powder and 25 min SAW exfoliated
samples are presented in Figure S4 (Supporting Information).
Both samples show doublet Mo 3d5/2 and Mo 3d3/2 peaks at
229.4 and 232.6 eV, respectively. The binding energies of the S
doublet were also seen at 162.2 and 163.1 eV, representing S
2p3/2 and 2p1/2, respectively. This means that the exfoliated
materials comprised stoichiometric MoS2 and that the
exfoliation process did not deteriorate the quality of the flakes.
Thermogravimetric analysis (TGA) was utilized for the yield

estimation42 described in the Supporting Information (Figure
S5). The concentration of the exfoliated MoS2 nanoflakes was
measured as ∼32 μg mL−1, which translates into ∼3.816%/h
yield per unit of time obtained at 1000 rpm centrifugation.
Figure 5A presents an illustration of MoS2 centrosymmetric

even layers and noncentrosymmetric odd layers. Figure 5B
shows the relative proportion of the number of fundamental
layers in the 2D MoS2 flakes after 25 min of SAW exfoliation.
Extracted from the results in Figure 2F, approximately 58% of
the produced flakes are monolayers, as presented in Figure 5B.
On the basis of our our calculations, this exfoliation takes place
under an applied electric field of on average 105 V m−1

generated by the SAW device. This electric field was estimated
from the applied voltage (14 V) across the IDTs, the width of

the IDT finger pairs, and the possible penetration depth of the
wave into the aqueous media.20

To understand the mechanism that underpins the SAW
exfoliation process, we conducted a computational assessment.
In our model, we assume that the exfoliation is mediated by
the electric displacement under an applied electric field. This
would only occur if a structure is noncentrosymmetric (i.e., it
has no inversion symmetry). Group theory reveals that flakes
of MoS2 with an odd number of layers are noncentrosymmetric
and thereby exhibit piezoelectricity, while sheets with even
number of layers of MoS2 have fundamental planes that are
centrosymmetric and are therefore not piezoelectric.22 There-
fore, a further assumption in our model is that once an even
numbered layer has been created, no further exfoliation of that
nanoflake can occur. Additionally, electric fields induced
displacement between MoS2 fundamental planes is only
possible when the thicknesses of odd layer of nanoflakes are
reasonably low (<7 layers) to exhibit appreciable piezo-
electricity.22

As a simplifying assumption, the numbers of layers in the
bulk can be considered for computation. Here the example for
9 layers is shown that can be extended to smaller numbers
(highly likely as piezoelectricity increases) or larger numbers
(less likely as the thickness is closer to bulk and piezoelectricity
drops) using the same method. As can be seen in the Figure
S6, exfoliation events can be continued through to a maximum
of 4 exfoliation steps (labeled as “branch layers” in Figure S6,
Supporting Information). Here we only account for the
possibility of single and double exfoliation events. In this
example, starting from a 9-layer nanoflake the exfoliation
possibilities include 8−1, 7−2, 6−3, 5−4 as single exfoliation
events and 7−1−1, 5−3−1, 3−3−3 as double exfoliation
events. We can label a single exfoliation event as (k|k−n, n),
which means a k-layer MoS2 slab has exfoliated into a k−n
layer slab and an n-layer slab. Similarly, double exfoliation
events are labeled as (k|k−n1−n2, n1, n2).
Mathematically, an exfoliation proportional probability

weighting (P) is associated with each of the events using in
an n layer system as

Figure 5. Computational estimation and validation of exfoliation. (A)
Illustration of centrosymmetric and noncentrosymmetric MoS2 layers.
(B) Number of layers in the 25 min SAW exposed sample obtained
from the AFM thickness distribution estimation compared with (C)
exfoliation of nine-layer nanoflakes under the influence of an electric
field in the computational estimation.
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∝ −|Δ |p e E kT/
(1)

where k is the Boltzmann’s constant and T is the temperature
and ΔE is the difference of exfoliation energy before and after
the exfoliation event as calculated using a hybrid DFT
computation (B3LYP). Under the 9-layer assumption, possible
pathways for single and double exfoliation events are
represented in Figure S6 (Supporting Information). Exfoliation
events continue when the outcome contains odd number of
layers. They stop when exfoliation results in either even layer
or monolayer flakes. A description of how we calculated the
frequency of the exfoliated MoS2 layers, with the number of
layers, is presented in the Supporting Information.
The computational outcomes are presented in Figure 5C,

which is in good agreement with the measurements. For
instance, the ratio of monolayer MoS2 in experiment and
computation estimations are ∼58% and ∼59%, respectively.
The slight discrepancies between the experiment and
computation estimation of other flake numbers may originate
from the fact that shear exfoliation, which was not considered
in the computational estimation, still plays an important role in
the exfoliation process.
The shear rate is crucial for the exfoliation of the monolayer

using probe sonication or turbulent based techniques.6,43,44 In
reports based on such techniques, efficient exfoliation to
ultrathin layers generally occurs when the shear rate exceeds
the threshold value of ∼104 s−1.6,43,44 Considering the
streaming velocity of the microcentrifugation SAW device
and the diameter of the PDMS reservoir, the shear rate
produced in our microcentrifugation SAW device is ∼102 s−1,
which is relatively low.
To investigate the exfoliation characteristics of MoS2

nanoflakes using a microcentrifugation SAW device in the
absence of the electric field, a thin 100 nm gold (Au) layer
(with 30 nm chromium adhesion layer) deposited between the
PDMS reservoir and lithium niobate substrate (Figure 6A
inset). This metallic layer screens and prevents electric field
exposure to MoS2 particles. The flake thickness distribution
histogram shown in Figure 6A represents the exfoliation of
MoS2 (25 min) with and without the presence of the electric
field. As can be seen, shear force exfoliation (in red), with no
electric field, has a larger median value for the flakes thickness
(4.3 nm) in comparison with the presence of the electric field
(1.4 nm). This red bar distribution is very similar to previous
experiments using the shear force only, confirming that electric
field is not present.7 Obviously the experiment also shows the

increased efficiency of the exfoliation process in the presence of
the electric field. Figure 6B shows the corresponding lateral
dimension histograms of flakes of Figure 6A. As can be seen,
the average lateral dimension of the exfoliated samples in the
presence of the electric field is larger than that of only shear
force exfoliation. It seems that the electric field helps in the
more efficient exfoliation of the crystal before they are broken
down by the shear force. Therefore, both experiment and
computational analysis suggest that the electric field plays a
dominant role in exfoliating MoS2 to ultrathin layers.
We have compared the efficiency of our technique with a

few selected previous works in terms of the median number of
layers, the run time, and the yield per unit of time (Table 1).

To facilitate consistency in the comparison, the data in the
table only focus on liquid exfoliation techniques with
surfactants or chemical solvents, without the incorporation of
any assisting chemically active reagents (such as butyllithium
and sodium hydroxide). As can be seen, the proposed method
here has the best exfoliation efficiency in an impressively short
time, resulting in approximately 58% monolayer MoS2 flakes.
In our work, the yield is high, reaching a yield per unit of time
of 3.816%/h. This is higher than that of previous reports for
sonication methods with surfactant or N-methyl-2-pyrrolidone
(NMP) as a solvent. Such efficiency can be ascribed to our
ability to exploit the piezoelectricity of the noncetrosymmetric
material, given the presence of the electric field that

Figure 6. Comparison of shear force only exfoliation with electric field assisted exfoliation. (A) AFM thickness distribution histograms of MoS2
flakes (25 min) with (black) and without (red) the presence of the electric field. Inset shows microcentrifugation SAW device coated with Au layer
underneath the PDMS reservoir and device without any metallic layer. (B) Flakes lateral dimension histograms.

Table 1. Comparison of the Exfoliation Efficiency of MoS2
Prepared in This Work with That Produced from Selected
Other Comparable Single Step Liquid Exfoliation Methods

exfoliation methods,
chemical used

median
number of
layers run time

yield per
unit of time,

%/h ref

Liquid exfoliation using
SAW with aqueous
surfactant

1 25 min 3.816 this
work

Liquid exfoliation using
blender with aqueous
surfactant

2−12 2 h 0.400 7

Probe sonication with
aqueous surfactant

4 16 h 0.625 45

Probe sonication with
NMP

- 7 h 0.285 46

Probe sonication with
NMP

- 140 h 0.290 5
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accompanies the mechanical shear, which is not possible with
other methods.

■ CONCLUSIONS
In brief, unlike conventional exfoliation methods, a compact
microcentrifugation SAW device was developed that applies a
concomitant electric field and mechanical shear force for
efficient exfoliation of a monolayer enriched MoS2 suspension.
Overall, a yield per unit of time of 3.816%/h was achieved
utilizing the developed SAW system, which is at least 5 times
higher than the best previously reported value. High
accelerating acoustic wave induced shear streaming reduces
the thickness of MoS2. Through the experimental realization
and computational estimation, it was shown that the electric
field plays a critical role in increasing the efficiency of the
exfoliation process due to the intrinsic piezoelectric nature of
noncentrocymmetric layered MoS2. The thickness of MoS2 can
be modulated by increasing the SAW exfoliation duration, as
revealed by the AFM images that show the existence of a high
percentage of MoS2 monolayers. Further optimization studies
on the design and development of the device is expected to
improve the production efficiency.
The SAW system reveals the possibility of microscale routes

for the versatile exfoliation of noncentrosymmetric layered
materials and also alludes to the significant possibility of
exploiting the electric field to increase the efficiency of these
exfoliation processes. The process can be applied to a large
number of layered crystals including transition metal oxides
and chalcogenides. A list of possible candidates is presented in
the works by Duerloo et al. and Blonsky et al.21,47 Additionally,
many more layered crystals should be explored and identified
on the basis of the selection criteria of noncentrosymmetric
condition.
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