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Abstract: Since the discovery of graphene, there has been increasing interest in two-dimensional
(2D) materials. To realize practical applications of 2D materials, it is essential to isolate mono- or
few-layered 2D nanosheets from unexfoliated counterparts. Liquid phase exfoliation (LPE) is the most
common technique to produce atomically thin-layered 2D nanosheets. However, low production
yield and prolonged process time remain key challenges. Recently, novel exfoliation processes based
on microfluidics have been developed to achieve rapid and high yield production of few-layer 2D
nanosheets. We review the primary types of microfluidic-based exfoliation techniques in terms of the
underlying process mechanisms and the applications of the 2D nanosheets thus produced. The key
challenges and future directions are discussed in the above context to delineate future research
directions in this exciting area of materials processing.
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1. Introduction

There has been tremendous interest in 2D materials because their extraordinary physical and
chemical properties allow advanced electronics, catalysis, energy, and biomedical applications [1-5].
Harnessing these properties requires exfoliation of mono- or few-layer 2D nanosheets from the bulk-like
counterparts of these materials. Among various exfoliation techniques, liquid phase exfoliation (LPE)
is one of the most popular approaches for the production of such 2D nanosheets [6,7]. LPE is generally
performed via sonication and high-shear mixing [8]. These methods are typically performed in a
batch reactor in which the inherently nonuniform driving force for exfoliation leads to low yield
and unsatisfactory exfoliation efficiency, e.g., poor nanosheet-to-nanosheet thickness distribution and
planar size.

Microfluidics precisely controls and manipulates fluid flow in a confined space, which is typically on
the order of submillimeter length scale [9-11]. The transport and uniformity of matter and energy on such
length scales is significantly improved as compared to macroscale devices. This renders microfluidics a
versatile platform for chemical, physical, biological, and engineering applications [12-14]. For example,
microfluidics is capable of precisely controlling growth kinetics of nanoparticles (NPs) and subsequently
equips the NPs with in situ functionality within an integrated system [15-17]. This capability
enables engineers to scalably produce multifunctional and high-quality NPs. Significant advances in
microelectromechanical systems (MEMSs) and rapidly growing 3D printing techniques have further
led to sophisticated microfluidic systems [18-20]. There is considerable work on various aspects of
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microfluidics, including manufacturing techniques, physical phenomena with computational analysis,
and empirical studies [21-23]. The smaller active region has also been recently used to improve the
exfoliation yield for 2D materials, because of the enhanced driving force that can be delivered much
more uniformly [24-33].

In this mini review, for the first time, we discuss recent progress on microfluidics for exfoliation
of 2D nanosheets. We group the microfluidic-based exfoliation systems according to the type of
microfluidic apparatus and exfoliation mechanism, including microfluidization, wet jet milling,
acoustic-microfluidic process, and lab-on-a-chip exfoliation. We first briefly describe the primary 2D
nanosheet production methods and compare them with the microfluidic exfoliation. We then focus
on how and why different types of microfluidics exfoliation methods affect the yield and quality of
2D nanosheets, followed by a summary and discussion of future directions. In addition to helping
scientists and industry identify microfluidic exfoliation methods that suit their needs, this review
substantiates the potential of microfluidics for scalable and high-yield production of 2D nanosheets
across multiple applications.

2. Comparison of Microfluidic Exfoliation with Other Primary Nanosheet Production Methods

Before discussing the microfluidic exfoliation for the production of 2D nanosheet, a comparison
between the other primary approaches and microfluidic exfoliation technique for the manufacturing
of 2D nanosheet is briefly addressed. The production methods can be classified into the bottom-up
and top-down approach. The bottom-up approach mainly includes high-temperature chemical vapor
deposition (CVD) and chemical synthesis, and for the top-down approach, mechanical exfoliation and
LPE are representative methods.

The CVD process typically requires a high vacuum reactor where precursors are pyrolyzed
first, followed by chemical reaction on the substrate to form atomically thin-layered 2D materials.
Its main advantage is the ability to grow large 2D crystals with high quality on substrates.
Furthermore, tailoring the dimension, crystallinity, and defects of 2D nanosheets is feasible by
adjusting process parameters [34,35]. Since the large-area synthesis of high-quality graphene via
CVD, various 2D materials have been synthesized by CVD, including transition metal dichalcogenide
(TMDCs) and boron nitride [36-39]. The CVD process has many benefits; however, it requires a
substrate and normally operates at high temperature in a vacuum, which makes it less ideal for the
economical production of free-standing 2D nanosheets. The chemical synthesis also belongs to the
bottom-up solution-based approach in which colloidal 2D nanocrystals grow in the solution phase
and constitute films on substrates. This approach is desirable in terms of producing gram-scale 2D
nanosheets. For instance, a gram-scale synthesis of MoS; nanosheets was reported by using the
thermal injection method, and their structural and chemical properties were found to be similar to
those obtained by an exfoliation process [40]. However, it is very challenging to achieve stoichiometric
control in the final product, and thus stringent engineering of synthetic conditions is required.

Mechanical exfoliation is the most straightforward method to obtain 2D nanosheets among
top-down approaches. In particular, this method is widely applied for the fundamental study of
2D nanosheets because it yields mono- or few-layer 2D nanocrystal flakes without compromising
the structural and chemical properties. However, since a mechanical exfoliation is based on the
utilization of a scotch tape that peels off thin-layered 2D material from bulk-like one, it has an inherent
drawback of low throughput, making it unsuitable for industrial application. LPE can be a promising
approach to achieve the scalable production of 2D nanosheets [41,42]. It involves the preparation
of stably dispersed bulk-like 2D materials in an organic or surfactant-aqueous solvent followed by
applying ultrasonication or high-shear mixing to the dispersion to induce the exfoliation. Exfoliated 2D
nanosheets typically have several hundred nanometers in lateral size and a few nanometers in thickness
following the size selection process by centrifugation [43,44]. Although this size selection process
enables us to obtain 2D nanosheets with the desired dimension, it significantly lowers the production
yield of 2D nanosheets.
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The microfluidics—-based exfoliation technique resembles the LPE process in that the preparation of
bulk-like 2D material dispersion is a preliminary step before the exfoliation. Besides, an energy source
to induce exfoliation can be derived from ultrasonication and high—shear mixing. However, one distinct
benefit of the microfluidic exfoliation results from the confinement of the exfoliation reactor to the
submillimeter size. As described later, the microfluidic exfoliation is commonly involved with a
micron-scaled exfoliation reactor within which the distribution of the energy source is significantly
enhanced for the exfoliation, leading to the enhancement of exfoliation efficiency. In other words,
the microfluidic exfoliation would offer an exfoliation approach to achieve both the high yield and
scalable production of 2D nanosheets.

In the following, characteristics of the microfluidic exfoliation technique will be discussed by
grouping it upon the type of microfluidic apparatus and exfoliation mechanism.

3. Microfluidization

Microfluidization is a high-pressure homogenization technique that has found applications for the
production of aspirin nanoemulsion, liposome NPs in pharmaceuticals, and nanoemulsion in the food
industry [45,46]. A typical microfluidization system consists of an inlet reservoir, intensifier pump,
pressure gauge, interaction chamber, cooling chamber, and outlet reservoir, as shown in Figure 1.
For fragmentation and exfoliation of bulk-like 2D materials, a well-dispersed bulk-like suspension
of 2D flakes is introduced into the inlet reservoir. The high-pressure intensifier pump delivers the
suspension into the interaction chamber at constant pressure. The interaction chamber is equipped
with a Z-shaped microchannel in which high shear rate (7 ~ 10%s7!) is generated as the suspension
passes through. The width of the microchannel typically ranges from 87 to 400 um and is varied
depending on the size and concentration of the starting 2D nanosheets in the precursor dispersion.
The Z-shaped microchannel is a crucial component to both create the high shear rate and homogenize
the high shear rate in the suspension. Under such a high shear rate, the bulk-like (starting) 2D sheets
are rapidly fragmented and delaminated, resulting in the production of a few-layered 2D nanosheets.
After exfoliation in the interaction chamber, the suspension containing the few-layer 2D nanosheets is
cooled in the cooling jacket and then collected in the outlet reservoir. The microfluidization process is
repeated as much as needed to reach the target nanosheet thickness and exfoliation yield.
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Figure 1. Schematic of a microfluidization process to produce few-layer 2D nanosheets (NSs) from
bulk-like 2D nanosheets.

Graphene is the typical 2D nanosheet produced by microfluidization [24,25,28,31]. In a representative
work by Ferrari et al., graphite was exfoliated into few-layer graphene nanosheets by microfluidization
to create conductive graphene inks [24]. This work represents a comprehensive study that is very
informative in terms of demonstrating a simple, scalable route to highly concentrated graphite
exfoliation via microfluidization. It also formulates printable inks by using the exfoliated graphite
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and realizes printed electronic modules using a screen—printer. The starting graphite (<27.2 um
width) were dispersed in an aqueous solution containing a sodium deoxycholate (SDC) surfactant
to yield a stable aqueous dispersion used as a conductive ink. The surfactant also prevented the
graphite clusters from clogging the microchannel (~87 pm width) and facilitated homogenization.
There are many reports on various surfactants used for the generation of a stable aqueous graphite
dispersion and their effects on the dispersity and exfoliation [8]. Karagiannidis et al. prepared
a stable graphite/SDC dispersion, increasing graphite concentration up to 100 g/L, with a fixed
concentration of SDC surfactant at 9 g/L. with up to 100 cycles of microfluidization. The authors
studied the dimensions and quality of the exfoliated graphite as a function of the cycle number using
SEM (scanning electron microscope), AFM (atomic force microscope), TEM (transmission electron
microscopy), Raman spectroscopy, TGA (thermogravimetric analysis), and XPS (X-ray photoelectron
spectroscopy). After 100 cycles, the exfoliated graphite nanosheets reduced to ~1 um and 12 nm in
average lateral size and thickness, respectively (4% of the nanosheets were <4 nm and 96% ranged
from 4 to 70 nm) (Figure 2a). The authors claimed that the high shear rate (~ 108 s71) created in the
microchannel leads to the production of highly concentrated few-layer graphene nanosheets with
almost 100% yield of sub-70 nm nanosheets, without any centrifugation postprocessing. Repeated
microfluidization did not cause significant chemical changes such as oxidation or other covalent
functionalization. Raman spectroscopy allowed estimation of the intensity ratio of the D to G peaks
(I(D)/I(G)), FWHM (Full width at half maximum)(G), and Disp(G), which are used to discriminate
between disorder localized at the edges and in the plane. The degree of plane defects is a critical criterion
to assess the structural quality of the exfoliated nanosheets. It is known that the exfoliated nanosheets
having plane defects exhibit a higher I(D)/I(G) with an increase of FWHM(G) and Disp(G) [47,48].
The exfoliated graphite nanosheets after 100 cycles of microfluidization possessed a higher ratio of
I(D)/I(G), which corresponds to higher FWHM(G) and Disp(G), indicating that D peaks stem from
an increase in both edges and in-plane defects (Figure 2b,c). These results imply the existence of an
optimum number of microfluidization cycles to create nanosheets with high quality and yield.

Because of high in—plane defects in the few-layer graphene nanosheets obtained from the
100-cycle process, the authors selected multilayered nanosheets produced from 70 cycles for the ink.
These multilayered nanosheets showed electrical properties equivalent to a collective of single layers.
Carboxymethylcellulose sodium salt (CMC) was added to the ink to prevent the nanosheets from
sedimentation and to adjust its rheology. The final printable conductive ink has a formulation composed
of multilayered nanosheets, SDC surfactant, and CMC modifier in water. The rheological properties of
the inks were investigated with respect to various loading amounts of the nanosheets. To study the
electrical properties of the inks, the inks were cast to form blade-coated films. Postdeposition annealing
was performed to remove the surfactant and modifier and improve the electrical conductivity of
the films. The best electrical conductivity of 2 x 10* S/m was obtained as the film was manufactured
by using a flake concentration of ~80 wt% annealed at 300 °C for 40 min (Figure 2d). The printability
of the ink was further demonstrated by using a Natgraph screen printer (Figure 2e). The printed
pattern had a series of 12 contact pads (2.5 X 2.5 cm) with lines (~100 um) and was designed to play a
capacitive touch pan in a sound platform that translates touch into audio (Figure 2f,g). The normalized
resistance change of the electronic module was measured to be less than 1% for up to 1400 cycles with
a bending radius of 12.5 mm, demonstrating high reliability under mechanical loading.

It is a general perception that the electrical conductivity of films constituted with exfoliated
graphene nanosheets is low owing to the smaller lateral size and presence of surfactants. Large et al.
recently reported a printed graphene film with excellent conductivity up to 50,000 S/m, which is one
order of magnitude higher than that reported by Karagiannidis et al. [49]. The printable graphene
ink was prepared via a high-pressure homogenization process (microfluidization), enabling a high
throughput of 0.5 g h™! graphene nanosheet production, equivalent to almost 5 kg of graphene
nanosheets per year. Graphene nanosheets with 50 to 800 nm lateral size and ~20 nm thickness were
selectively employed as the printable ink. The authors claimed that the selected nanosheets endow
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the optimum lateral size and surfactant quantity for the improved conductivity. More extensive
and thinner graphene nanosheets are generally preferred for the device application. For graphene
nanosheets produced by the LPE process, however, the density of the surfactant attached to the
nanosheet surface should be considered. Because thinner nanosheets possess a larger surface area
for the surfactant attachment, the thinner is not always favorable for the higher conductivity of the
printed graphene film. The graphene nanosheets with ~20 nm thickness were found to endow the best
conductivity of 8000 S/m without annealing. They could be further enhanced up to 50,000 S/m after
compression by calendering.
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Figure 2. (a) Thickness distribution of exfoliated graphite nanosheets (inset: SEM ((scanning electron
microscope) image of exfoliated graphite proceeded for 100 cycles), I(D)/I(G) as a function of (b) Disp(G)
and (c¢) FWHM (Full width at half maximum)(G), (d) electrical conductivity as a function annealing
time and temperature, (e) optical image of the screen printing process, (f) capacitive touchpad design
(29 x 29 cm) printed on paper, and (g) a line on the touchpad. Reprinted with permission from
reference [16], copyright 2017, American Chemical Society.

Nacken et al. systematically studied the process parameter effects of a high-pressure homogenizer
on the graphite exfoliation [50]. Because the exfoliation mechanism in the homogenizer process
involves multiphenomena such as shearing, crashing, and cavitation, the systematic analysis of
graphene exfoliation upon process parameters is needed. The applied pressure and the number
of passes were confirmed to play an essential role in the production yield of graphene nanosheets.
In particular, the applied pressure generates the heat in the system, and thus the temperature of
the dispersion proportionally increased with elevated applied pressure. This result implies an
optimum applied pressure, as opposed to the general perception that higher pressure always benefits
the exfoliation.

The high-pressure homogenizer was also demonstrated to be useful for exfoliating graphite in
dimethylformamide (DMF) and even pure water solvent [51].

Along with the electronics, graphene nanosheets produced by microfluidization were applied for
lithium-ion batteries [52]. For the battery application, FeCl3-based graphite intercalation compounds
were first prepared, followed by the exfoliation via microfluidization. High-quality hybrid graphene
nanosheets (FeCls/graphene) with 0.67 nm thickness were produced. After thermal annealing,
the hybrid graphene nanosheets turned into a—Fe;Os/graphene hybrid material, showing the excellent
electrochemical properties.

Wang et al. produced few-layer graphene nanosheets by combining sonication and
microfluidization [28]. They first sonicated graphite dispersion in N-Methyl-2-pyrrolidone (NMP)
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solvent and subsequently treated the sonicated—graphite dispersion using the microfluidization
approach described above. The sonication caused the NMP molecules to intercalate between the graphite
layers, which increased the distance between the layers that are weakly bound by van der Waals forces.
Prolonged sonication time further cleaved the fragmented graphite into smaller pieces. To obtain
few-layer graphene nanosheets with a large and thin layered structure, the authors subsequently
employed the microfluidization process in which the sonication-treated graphite nanosheets were
more likely to be delaminated rather than being fragmented. The few-layer graphene nanosheets
produced by combining the sonication and microfluidization process showed a relatively large and
thin layered dimension with ~1.24 um width and 3~5 layers.

Microfluidization was also used to produce graphene quantum dots (GQDs), i.e., graphene sheets
with thickness less than 10 layers and a lateral size smaller than 100 nm [25]. GQDs possess unique
properties such as strong down-conversion, up-conversion photoluminescence (PL), biocompatibility,
and photostability [53-56]. As opposed to the common production methods that were carried out in
strongly acidic conditions, microfluidization allowed for the production of GQDs in a neutral aqueous
condition [57,58]. Such GQDs showed 2.7 + 0.7 nm in diameter and 2~4 nm in thickness corresponding
to 2~4 layers of graphene (Figure 3a—d). The PL (photoluminescence) spectra of the GQDs solution
exhibited a strong excitation-independent emission at a wavelength of ~400 nm, which is attributed to
uniform size uniformity and low defect density of GQDs (Figure 3e,f) [55]. Although the production
efficiency of GQDs was low (20.3%) this was the first demonstration of using microfluidization for
producing high-quality GQDs in an environmentally and user-friendly manner.
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Figure 3. (a) TEM (transmission electron microscopy) and (b) high resolution transmission electron
microscope (HRTEM)image of graphene quantum dots (GQDs) produced by microfluidization (inset:
FFT image), (c) size distribution of GQDs (analyzed over 200 HRTEM-imaged particles), (d) AFM (atomic
force microscope) image (inset: height profiles of representative particles), (e) PL (Photoluminescence)
spectra of GQDs, and (f) contour map for excitation and emission of GQDs. Reprinted with permission
from reference [17], copyright 2015, American Chemical Society.
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Besides graphene nanosheets and GQDs, the production of hexagonal boron nitride nanosheets
(BNNSs) via microfluidization and its use to create thermally conductive and electrically insulating
polymer nanocomposites for thermal management was also reported [26]. BNNS is a structural analog
of graphene and displays excellent in-plane thermal conductivity (2000 Wm™ K1), thermal/chemical
stability, and electrically insulating property [59,60]. Thus, BNNSs find many applications in
thermal management. Like other 2D materials, thin-layered boron nitride nanosheets are typically
produced from bulk-like boron nitride nanosheets by sonicating them in organic solvents [61].
However, this conventional method is time—consuming and suffers from low production efficiency.
To overcome this issue, Seyhan et al. exfoliated bulk-like boron nitride nanosheets into BNNSs using
microfluidization [26]. After 20 microfluidization cycles (12 min of processing time), BNNSs with a
thickness of 8—12 nm were obtained with a production efficiency reaching up to 45% (Figure 4a,b).
This indicates the promise of microfluidization to produce BNNSs in a rapid and efficient manner.
Microfluidization was also utilized to functionalize the surfaces of BNNSs by grafting a silane
coupling agent on boron sites in the BN lattice [62]. This improved the compatibility of BNNSs with
polymer, making them suitable as filler constituent for preparing polymer-nanocomposites (Figure 4c).
The authors also found a twofold increase in the thermal conductivity after adding 4% of functionalized
BNNSs fillers to the pristine polymer (Figure 4d). In contrast, the nanocomposite film consisting
of nonfunctionalized BNNSs shows a similar thermal conductivity as that of the pristine polymer
(Figure 4d). These observations indicate the key role of silanization of BNNSs in improving the thermal
conductivity of the nanocomposite.

(b) (d)
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Figure 4. (a,b) TEM image of hexagonal boron nitride nanosheets (BNNSs) produced by
microfluidization (arrows refer to few-layer BNNSs), (c) comparing the dispersion stability of ethanol
solution containing BNNSs with and without silanization, and (d) thermal conductivity comparison of
polymer nanocomposites prepared with different composition (PP and VIS-BNNS denote polymer
and silanized BNNS, respectively). Reprinted with permission from reference [18,47], copyright 2012
and 2017, Elsevier.

4. Wet-Jet Milling

Wet-jet milling (WJM) is similar to microfluidization in terms of utilizing a high shear rate
for effecting exfoliation. In WJM, a pneumatic valve and piston supply high pressure to deliver
2D thick flake dispersion into a set of perforated and interconnected disks in which jet streams
are generated (Figure 5a). Different from microfluidization where intensive shear is created in
the z-shaped microchannel, in WJM high shear force (>10* s7!) is generated at the microchannel
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junctions (100~300 um) before and after the nozzle (Figure 5b). While it might be thought that
the significant pressure drop created at the channel junctions is another possible driving force for
exfoliation, the magnitude of this pressure drop has been shown to be insufficient to cause significant
exfoliation [30].
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Figure 5. (a) Schematic of wet-jet milling system (the arrows indicate the flow direction of dispersion)
and (b) closed view of the processor (Disk B can be varied to 0.10, 0.20, 0.30 mm nozzle diameter upon
the size of the 2D nanosheets in dispersion). Reprinted with permission from reference [22], copyright
2018, Royal Society of Chemistry.

Bonaccorso et al. reported the exfoliation of various 2D materials such as graphite, h-BN, MoS,,
and WS, by using WJM [30]. Water with sodium cholate surfactant or NMP was chosen as a solvent
for the graphite exfoliation, and only NMP solvent was used for the exfoliation of the other materials.
Due to the large size of starting graphite nanosheets (>100 mesh), a microchannel with 300 um diameter
was implemented for the first pass of graphite dispersion, followed by a reduced microchannel diameter
to as small as 100 pum for the next passes (Figure 6a). A microchannel with a diameter of 100 pm
was always used for other 2D materials with a size of ~2 um. The processing time to treat 10 mL of
2D flake dispersion (10 g-L.~!) with four passes was 15.3 and 18 s for graphite/NMP and other 2D
nanosheets/NMP dispersion, respectively.

After WJM, the exfoliated 2D flake dispersion was centrifuged to isolate the few-layer 2D
nanosheets from unexfoliated ones. Although detailed information on yield was not reported,
the authors claimed that WJM enabled 2 L h~! production of 10 g-L~! of single- or few-layer 2D
nanosheets in dispersion. Thus, it is clear that the exfoliation in WJM was very rapid and scalable.
The size distribution of all the exfoliated 2D nanosheets was analyzed by using (HR)TEM and AFM
(Figure 6). For graphite exfoliation, 15% of nanosheets were thinner than 1.5 nm, 54% in the 1.5 to
5.0 nm thickness range, and 31% thicker than 5 nm. The lateral size of the nanosheets was also
significantly reduced to 460 nm from 149 um of the starting graphite flake. Thin-layered MoS,, WS,
and h-BN nanosheets were also produced, exhibiting lateral size reduction to 380, 500, and 340 nm
and thickness reduction to 6.0, 4.5, and 2.4 nm for MoS;, WS,, and h-BN nanosheets, respectively.
The nanosheets produced by WJM also had high structural quality, according to results from Raman
and XPS spectroscopy. To demonstrate the high-quality of few-layer graphene nanosheets produced
by WJM, the authors used the nanosheets for lithium-ion batteries, reinforcement of polyamide-12,
and inkjet printing. The inkjet-printed ink is the most studied one in literature, which allowed
direct quality comparison of the few-layer graphene nanosheets with those prepared by other LPE
techniques. The printed film showed an electrical conductivity of 1.3 S cm™!
the literature [63,64].

, comparable to others in
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Figure 6. (a) TEM images and lateral size distribution histogram (inset) of graphite nanosheets
processed at WJM with different nozzle diameter (0.30, 0.15, and 0.10 denote the nozzle diameter 0.30,
0.15, and 0.10 mm, respectively), (b) HRTEM image of three-layer graphene, (¢) HRTEM image of WM
0.10 flake showing A-B stacking (upper inset: closed-view area of nanosheet indicated by yellow and
orange circles displays hexagonal unit cell of graphite, bottom inset: FFT image), (d) AFM image of
WJM 0.10 flake (inset: thickness distribution histogram), (e) TEM images and lateral size distribution
histogram (inset) of MoS;, WS;, and h-BN nanosheets, (f) AFM images and thickness distribution
histogram (inset) of MoS,, WS,, and h-BN nanosheets. Reprinted with permission from reference [22],
copyright 2018, Royal Society of Chemistry.
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5. Acoustic—Microfluidic Process

The acoustic-microfluidic (AM) process combines a microfluidic device with a sonication
bath [32,33]. Simplicity and cost—effectiveness are the primary advantages of this process since
it does not require the intensive shear rate for the exfoliation that is necessary in microfluidization
and WJM. The AM process is constructed simply by implementing a microfluidic device in a sonication
bath commonly used in the laboratory. The type of the microfluidic device used depends on
the target production yield and solvent. AM exploits the cavitation effect, i.e., the pressure and
temperature created when transient cavitation bubbles collapse under periodic acoustic waves drive
exfoliation [65]. When these cavitation bubbles collapse, the resulting extreme local pressures (~105 atm)
and temperature (~5000 K) induce fragmentation and delamination of the precursor bulk-like 2D
nanosheets [66]. Most conventional LPE techniques also involve cavitation effects, but the pressure
and temperature have high spatial nonuniformity since these techniques are carried out in a batch
reactor. This nonuniformity leads to a large amount of unexfoliated 2D nanosheets that are discarded
after centrifugation, causing low yield [67,68]. Replacing the batch reactor with a microfluidic
device improves the exfoliation efficiency by enabling relatively uniform cavitation within the active
exfoliation region.

Phosphorene, a monolayer of black phosphorus (BP), is an emerging successor to graphene and
other 2D materials and has recently attracted much interest [69-72]. Unlike graphene and transition
metal dichalcogenides (TMDCs), the direct bandgap of phosphorene is dependent on its thickness.
Thus, the ability to exfoliate BP into thin-layered flakes is crucial [73]. Kim et al. produced few-layer BP
nanosheets and BPQDs by using the AM process for the first time [32]. The process used a commercial
capillary PTFE tubing (10 m long and 1 mm inner diameter) immersed into a sonication bath (40 kHz
and 350 W) (Figure 7a). The flow rate of the precursor dispersion was found to play an essential role in
determining the cavitation effects. The authors systematically varied the flow rate to investigate its
influence and found the optimum flow rate to yield the best exfoliation efficiency. Under the optimum
flow rate, few-layer BP nanosheets were obtained within a residence time of 6 min with 45% exfoliation
efficiency. The few-layer BP nanosheets exhibited a lateral size of 434 + 135 nm and a thickness of
2.5 + 1.2 nm, corresponding to 2~4 layers of phosphorene (Figure 7b). Prolonged treatment of few-layer
BP nanosheets up to 12 min led to efficient fragmentation, creating BPQDs with the same efficiency
as the few-layer BP nanosheets. The authors attributed the high efficiency in the production of the
few-layer BP nanosheets and BPQDs to optimum cavitation phenomena in the microfluidic device.

@) @ (b)

t + BP powder
_dispersion

J —y 10 m PTFE tubing
———

(c) .

5°nicatlon bath
(40 kHz, 3501

Figure 7. (a) Schematic of the acoustic-microfluidic (AM) exfoliation process, (b) TEM image of
few-layer black phosphorus (BP) flake, and (¢) TEM and HRTEM image of BPQDs. Reprinted with
permission from reference [24], copyright 2018, Elsevier.
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The capabilities of AM can be significantly enhanced by systematic tailoring of cavitation effects,
in particular for the production of few-layer 2D nanosheets. This requires the development of a method
to control the population density of cavitation bubbles since the magnitude of cavitation effects is directly
linked to this density. A strategy to control these cavitation effects was derived from a fundamental
study on the nucleation thermodynamics of the cavitation bubble [74]. Since cavitation bubbles are
preferably formed at the interface between air and water, the approach attempted to entrap air inside
surface crevices. As shown in Figure 8a, the microcrevices were fabricated by micromachining followed
by surface treatment with a hydrophobic material. Due to the hydrophobicity of the microcrevices
the air is trapped inside the microcrevices, causing cavitation bubbles to selectively and repeatedly
nucleate on the microcrevices. The number of microcrevices affects the degree of cavitation [75], with an
increasing number of bubble nucleation sits increasing the cavitation and resulting radical formation
rate (Figure 8b).

(a) (b)

0.025

High Power
1S min
30 min

o
o
[X]

0.015 = Medium Power
30min
1Smn

fum s

Radical formation rate

Number of Pits

Figure 8. (a) Time sequence displaying the nucleation and collapse of bubbles from the hydrophobic
hexagonal patterned surface and (b) cavitation effects with respect to the number of nucleation sites
(radical formation rate shown on the y-axis is proportional to cavitation effects). Reprinted with
permission from reference [59], copyright 2006, Elsevier and from reference [60], copyright 2010, John
Wiley and Sons.

Inspired by these studies, Kim et al. manufactured a superhydrophobic silicon nanowire (SINW)
microfluidic device [76], which was later used for the production of few-layer BP nanosheets [33].
The superhydrophobic SINW microfluidic device consists of a patterned superhydrophobic SINW
substrate and a similarly patterned polydimethylsiloxane (PDMS) cover that tightly bonds to the
patterned substrate (Figure 9a). Since the SINW substrate and PDMS cover were precisely aligned
and had identical patterns, a microchannel with 500 pm width and 150 um height was formed
(Figure 9b). A vital feature of this device is the formation of an air-water interface as water flows
over the microchannel (Figure 9¢c). This is due to air entrapped inside the microgaps formed between
superhydrophobic SiNW bundles (Figure 9d), which turns the microgaps into nucleation sites for
cavitation bubbles. Since the device contains a number of such microgaps, large populations of
cavitation bubbles can be created, resulting in significantly enhanced cavitation. This is in addition to
the manipulation of nucleation of cavitation bubbles by controlling the ultrasonic power density.

Kim et al. applied the above SINW microfluidic device for AM of few-layer BP nanosheets [33].
This study is unique in terms of suggesting a way of efficiently producing high quality thin-layered
2D nanosheets in an aqueous medium by using a laboratory-scaled sonication bath. The authors found
that the cavitation effects are enhanced with an elevated flow rate and power density (Figure 10a,
the emission rate corresponds to cavitation effects), as expected [77,78]. Further, since a number of
cavitation bubbles are simultaneously created in the confined microfluidic device, without fluid flow,
the bubbles tend to coalesce together and form large bubbles that are incapable of inducing cavitation
pressure [79]. The fluid flow in the microchannel reduces the degree of the bubble coalescence by
promptly sweeping the cavitation bubbles [80]. As denoted in Figure 10a, three distinct regions exist
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in terms of the magnitude of the cavitation effects. By comparing the cavitation effects generated
from a microfluidic device without embedding superhydrophobic SiINWs, it was clearly demonstrated
that the superior cavitation effects are attributed to the formation of the air-water fluidic interface in
the superhydrophobic SINW microfluidic device (Figure 10a). Given the tunable cavitation effects
in the superhydrophobic SINW microfluidic device, the authors suggested a novel strategy for
effectively producing few-layer BP nanosheets. The authors presumed that high cavitation effects
are more effective for fragmenting bulk-like BP flake, while low cavitation effects are more suitable
for delaminating the fragmented BP (Figure 10b). The precursor BP nanosheets were first treated in
the high-cavitation-effect regime to fragment them into smaller nanosheets, and the fragmented BP
nanosheets were subsequently processed in the low cavitation effect regime to effect delamination
into few-layer nanosheets. The total fragmentation time in the high cavitation regime was 30 s,
and that in the low cavitation regime was 180 s. This strategic delineation between the fragmentation
and delamination regimes enabled the production of few-layer BP nanosheets with a thickness of
3.8 + 1.9 nm and a lateral size of 347 + 65 nm (Figure 10c). Almost 80% of the starting BP nanosheets
were turned into fragmented BP, and 81% out of the fragmented BP were delaminated to yield
few-layer BP nanosheets with a thickness of less than 5 nm. The size distribution of the few-layer
BP nanosheets was relatively narrow, indicating that the few-layer BP nanosheets are highly uniform
in terms of size. The fragmentation and delamination process was conducted in deoxygenated
water to ensure cleanliness. BP is known to degrade when exposed to oxygen and humidity [81,82].
Since the fragmentation and delamination occurred rapidly in a closed operational manner, the extent
of degradation was considerably reduced.

(a)

Patterned superhydrophobic SINW wafer

Cavitation bubbles

mmi’i’ﬂﬁqami"nfnﬁ;

Figure 9. (a) Schematic of superhydrophobic silicon nanowire SINW microfluidic device, (b) cross-sectional
view of the device, (c) conceptual illustration of cavitation bubble generation at the air-water fluidic
interface, and (d) SEM image of superhydrophobic SINW bundles. Reprinted with permission from
reference [61], copyright 2019, Elsevier.
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Figure 10. (a) Cavitation effects concerning flow rate and power density of sonication (emission rate in
the y-axis corresponds to cavitation effects), (b) schematic of fragmentation and delamination of BP
under controlled cavitation effects in the superhydrophobic SINW microfluidic device, and (c¢) AFM,
(HR)TEM, and size distribution histogram of few-layer BP nanosheets. Reprinted with permission
from reference [25], copyright 2020, Royal Society of Chemistry.

6. Lab-On-a-Chip Based Exfoliation

Ultrafast acoustofluidic exfoliation of bulk-like 2D nanosheets was reported by Yeo et al. [29]
This process is based on a chip-scaled piezoelectric device that functions as a microfluidic nebulizer
driven by high frequency (10 MHz) acoustic excitation (Figure 11a). As illustrated in Figure 11a, a 2D
flake dispersion was delivered to the device by wicking, and upon excitation of the acoustic wave,
the dispersion was nebulized to form a mist of micrometer-sized aerosol droplets, collected onto a
collector plate [83,84]. As the dispersion contacted the device, the acoustic wave triggered intense
acoustic streaming that created large shear stress of the order 10* s~!, resulting in the delamination of
the 2D nanosheets in dispersion (Figure 11b,c). Subsequently, the large electric field accompanying
the acoustic wave-induced mechanical vibration in the predelaminated 2D nanosheets caused the
delaminated 2D nanosheets to be further cleaved and delaminated, eventually creating few-layer
2D nanosheets (Figure 11c). However, the mechanical vibration is only inducible for 2D nanosheets
possessing the piezoelectric behavior of noncentrosymmetric materials. Such materials include MoS,,
WS;, and other transition metal dichalcogenides (TMDCs). For nonpiezoelectric materials (such as
graphite) mechanical vibration did not occur and thereby only the shear stress contributed to the initial
delamination. The overall yield was reported to be ~2%, of which ~41% consisted of monolayers.
Although this process is only competitive for the piezoelectric 2D nanosheets such as TMDCs, it yields
a production rate of 0.054 mg min~!, thanks to the rapid millisecond timescale of the nebulization
process. Large-scale patterning of few—layer 2D nanosheets was demonstrated by collecting the aerosol
droplets on a prepatterned substrate, creating the potential for scalable manufacturing of electronic
circuits and optical elements (Figure 11d).
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Figure 11. (a) Schematic of a chip—scaled piezoelectric device to illustrate the process of 2D flake
exfoliation, (b) magnification of the schematic that displays dispersion wicking and generation
of acoustic streaming, (c) schematic illustration of the exfoliation mechanism for 2D nanosheets
with piezoelectric and without piezoelectric property, (d) schematic illustration of the process for
simultaneous exfoliation of 2D nanosheets and stencil printing. Reprinted with permission from
reference [21], copyright 2018, John Wiley and Sons.

A “lab—on-a—chip” (LOC) device that enabled hydrodynamic cavitation was employed to produce
few-layer graphite nanosheets [27]. The onset of cavitation bubbles results from an increase of dynamic
pressure in the microgap of 132 um height, followed by a downstream bubble collapse where the
average velocity of the fluid recovers to its initial value (Figure 12). After 2000 passes in the device
and subsequent centrifugation, few-layer graphene nanosheets with a lateral size of 200~400 nm
were obtained. This indicates that low power processes such as self-generated hydrodynamic cavitation
effects can exfoliate the graphite nanosheets into thin-layered ones, although the process requires a
long time.
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Figure 12. Schematic of a “lab—on—a—chip” (LOC) device: (a) profile view and (b) top view. Reprinted with

permission from reference [19], copyright 2019, Royal Society of Chemistry.

7. Summary and Future Directions

With increasing interest in the applications of 2D materials, a variety of methods to produce
atomically thin-layered 2D nanosheets have been proposed, mainly including mechanical cleavage
and liquid phase exfoliation (LPE) processes. LPE offers the potential to achieve scalable and
reproducible production of few-layer 2D nanosheets, but simultaneously enabling high efficiency and
high throughput remains a critical challenge today. Microfluidic exfoliation has recently emerged
as a promising alternative to conventional LPE since the spatial uniformity in the distribution of
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exfoliation drivers (e.g., pressure) enables high yield and the parallelizability of microfluidics enables
high scalability and throughput.

Among several microfluidic exfoliation techniques, microfluidization has achieved significant
advances in the production of few-layer graphene nanosheets. Highly concentrated graphene nanosheets
could be produced with almost 100% exfoliation yield. The process was also used to successfully
produce graphene QDs and thin-layered h-BN nanosheets. Wet—jet milling (WJM), which is similar
to microfluidization in basic principle, was able to produce few-layer 2D nanosheets of several
different materials. The quality of WJM—produced graphene nanosheets was comparable to that prepared
by other LPE techniques. The recently developed acoustic-microfluidic (AM) process integrates a
microfluidic device with a commercial sonication bath to vigorously exploit cavitation-driven exfoliation
mechanisms. In particular, rapid and highly efficient production of few-layer BP nanosheets was
accomplished via the superhydrophobic SINW microfluidic device in which the fragmentation and
delamination of BP nanosheets proceeded separately under controlled cavitation. Lastly, lab-on—a—chip
(LOC) process was studied to achieve ultrafast exfoliation of piezoelectric 2D nanosheets.

All of these microfluidic-based exfoliation techniques could be promising alternatives to
conventional LPE processes. However, there are still critical challenges to be addressed.

(1) Inmicrofluidization and WJM, an exceptionally high shear rate is necessary for the exfoliation.
The apparatus that is required to yield and tolerate such high shear rates are costly, and the energy
needed to operate these processes is generally high. For AM and LOC processes, scaling-up
the production of few-layer 2D nanosheets is a significant barrier due to the small scale of the
micrometer-sized reactor. Luckily, numbering-up the microreactors or scaling-up the reactor to
the extent that the microfluidic feature of microfluidic is preserved are well-developed strategies
to ensure scalability in microchannel-based approaches [85,86]. These strategies need to be
implemented in AM and LOC processes.

(2) While several different materials have been processed via microfluidics-based exfoliation,
the applications of the resulting 2D nanosheets have been primarily limited to graphene, raising
a question on the application-ready quality of other exfoliated 2D nanosheets. To affirm the
applicability of methods as general platforms for the production of few-layer 2D nanosheets,
the 2D materials beyond graphene should by evaluating their performance in devices.

(3) Finally, there is limited work on quantitative modeling of the link between the design parameters
of the microfluidic device and applied energy, the degree of exfoliation and fragmentation of the
precursor flakes, and the inherent mechanical properties of the 2D material. In addition, there is a
need for in situ process-sensing techniques that can quantify the evolution of size distribution
during the process to enable process control. Filling this gap is critical for expanding the use of
microfluidic exfoliation processes beyond the slow and piecemeal exploration of a few materials.

The development of microfluidic-based exfoliation is still in its infancy and has significant
unrealized potential. Based on this informed optimistic premise, the method will significantly
contribute to the industrial-scale production of few-layer 2D nanosheets as well as their practical
applications in industry.
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