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ABSTRACT: We suggest a unimer-assisted exfoliation method for the exfoliation of van der Waals two-dimensional (2D)
materials such as graphene, MoS,, and h-BN and show that the micellar size is a critical parameter for enhancing the exfoliation
efficiency. To explain the effectiveness of the unimers in the exfoliation, the influence of the micellar size of a biocompatible block
copolymer, Pluronic F-68, is evaluated in view of the yield and thickness of exfoliated 2D flakes. By the addition of water-soluble
alcohols, the surfactants exist in the form of a unimer, which facilitates the intercalation into the layered materials and their
exfoliation. The results showed that the high exfoliation efficiency could be achieved by controlling the micellar size mostly to be
unimers; the average yield rate of MoS, exfoliation was 4.51% per hour, and the very high concentration of 1.45 mg/mL was
obtained by sonication for 3 h. We also suggested the dielectrophoresis technique as a method for forming a film composed of
2D flakes for diverse applications requiring electrical signals. The unimer-assisted exfoliation method will be substantially utilized
to achieve highly concentrated aqueous dispersion solutions of 2D materials.

1. INTRODUCTION method in terms of scaling up compared to vacuum and high-
temperature processes such as transition-metal sulfurization and
chemical vapor deposition.'”' Recently, chemical or electro-
chemical exfoliation methods in liquid have been intensively
studied, but these methods deteriorate the electrical and
chemical properties.'”'® One of the simplest liquid exfoliation

Since graphene was first exfoliated using Scotch tape in 2004,
research on van der Waals two-dimensional (2D) materials of
the graphene family, transition-metal dichalcogenides (TMDs),
and oxides has been focused on their production and
applications.'~* Single- and few-layer TMDs such as MoS,,
WS,, and WSe, as well as the graphene family exhibiting
distinctive physicochemical, electrical, and biological properties

methods not accompanying the chemical reaction is sonication-
assisted exfoliation in suitable organic solvents or aqueous

have received substantial attention for potential applications in solution.'””*" Among them, preparation methods based on an
catalysis, biomedicine, sensors, energy storage, thermal manage- aqueous solution have been generally preferred to those using
ment, electronics, and optoelectronics.S_H However, the organic solvents in view of protecting the natural environment
practical application of 2D materials is still limited by the
lack of cost-effective and high-yield production methods. Received: November 15, 2016

The liquid exfoliation from bulk materials has been Revised:  January 12, 2017
investigated because liquid-phase production is a cost-effective Published: January 18, 2017
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Figure 1. Size distribution of unimers and micelles determined by DLS for (a) S0 vol % alcohols and (b) 0, 20, 40, 60, and 100 vol % iPrOH. (c)
Schematics of F-68 molecules in a binary system and ternary systems with different alcohol concentrations (top, <c,,; bottom, >c,,).

and a myriad of applications such as electronic, electrochemical,
and biological applications. For the exfoliation of 2D materials
in an aqueous solution, dispersing agents such as ionic and
nonionic surfactants are necessary because of their hydro-
phobicity. Ionic and nonionic surfactants can stably disperse 2D
materials owing to electrostatic repulsion and steric stabilization
effects, respectively. It was reported that nonionic poly-
(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
(PEO-PPO-PEO) triblock copolymer, known by the trade
name of Pluronic (which is generally used as one of the
ingredients of cosmetics and pharmaceuticals), is effective for
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the exfoliation of 2D materials.”* Furthermore, the function-
alization of 2D flakes with PEO-PPO-PEO triblock copolymer
reduces the toxicity in vitro and in vivo and promotes the safe
use of 2D nanoflakes for industrial and biomedical
applications.”** The PEO-PPO-PEO copolymers form
spherical micelles because of their self-assembling nature in
an aqueous solution when the solution concentration exceeds
the critical micelle concentration (CMC).””*® Above the CMC,
the micellar size increases with the surfactant concentration,
which leads to an increase in the average number of polymer

. . 29,30
chains per micelle.””
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One of the important issues in research on the exfoliation of
2D materials in an aqueous solution is to increase the
exfoliation yield. However, the effect of changing the micellar
size on the exfoliation efficiency of 2D materials has not been
investigated in detail. In our previous report, we showed that
sodium dodecyl sulfate (SDS) monomer was much more
effective for the exfoliation of graphene than large SDS
micelles.’’ In this study, we suggest that the micellar size of a
polymeric surfactant is very closely related to the exfoliation
efficiency and the thickness of exfoliated flakes. The micellar
size is affected by many factors including the PPO/PEO ratio,
the molecular weight of copolymers, and additives.””*’ As
additives, water-soluble alcohols such as methyl alcohol
(MeOH), ethyl alcohol (EtOH), isopropyl alcohol (iPrOH),
and tert-butyl alcohol (+-BuOH) were used in the present work,
and their effects on the size of the triblock copolymer
[(EO)5(PO);o(EO)ss] ((average molecular weight 8400,
denoted by Pluronic F-68 (or simply F-68 hereafter)) were
systematically investigated by dynamic light scattering (DLS)
measurements. The present work elucidating the effect of
micellar size was carried out for the exfoliation of MoS,,
graphene, and h-BN, which is currently attracting great interest.
We also carried out a dielectrophoresis (DEP) process to form
an electrically connected active layer composed of 2D flakes
exfoliated in this work. The DEP technique has been generally
employed in forming films of microparticles for clinical and
biotechnological applications.”

2. EXPERIMENTAL DETAILS

2.1. Preparation of Graphene, MoS,, and h-BN Dispersion
Solutions. Graphite (<150 pm, Sigma-Aldrich), molybdenum
disulfide (MoS,, <6 um, Sigma-Aldrich), and boron nitride (h-BN,
<8 um, Zero Friction-Ecopharos Inc.) powders were used as the
starting materials in this work. Triblock copolymer
[(EO),5(PO)5(EO);5] of F-68 and alcohols was purchased from
Sigma-Aldrich and Dongwoo Fine-Chem, respectively. All of the
chemical reagents were used without further purification.

The exfoliation of graphite, MoS,, and h-BN was carried out using
surfactant-assisted sonication. The solution was prepared by the
addition of F-68 and alcohols such as MeOH, EtOH, iPrOH, and ¢-
BuOH. The CMC of F-68 is 0.04 mM at 25 °C, and the concentration
of F-68 ranged from 0.2 to 2.0 mM. The initial concentration of 2D
materials was 10 mg/mL. After sonication (Daihan WUC-DO6H,
665W, 40 kHz), the dispersion solutions were centrifuged (Hanil
combi-514R) at 2000 or 4000 rpm for 15 min to sediment aggregated
large flakes. Then, approximately 60% of the supernatant was collected
as the final dispersion solution.

2.2. Sample Characterization. The concentration of the
dispersion solution was measured using the Lambert—Beer law (A =
aCl, where A is the absorbance at 600 nm for MoS,, 660 nm for
graphene, and 300 nm for h-BN; « is the absorption coeflicient; C is
the concentration; and [ is the length of the light path). In accordance
with previous reports concerning the exfoliation of MoS,, graphene,
and h-BN, the values of a were set as 2104, 1390, and 2367 mL/mg-m,
respectively.”*** The yield was defined as the ratio between the weight
of dispersed 2D materials and that of the starting material.

The DEP process was carried out to form a film composed of
exfoliated MoS, flakes. A function generator (Infinilum MSO8064A,
Agilent Technologies) was used to create a sinusoidal potential
difference. The ac output voltage was monitored by a digital
oscilloscope (Agilent 332204, Agilent Technologies). A droplet of
MoS, dispersion solution (0.1 uL) was placed between two electrodes.
The thicknesses of Au and Ti electrodes were 50 and S nm,
respectively, deposited by e-beam evaporation. After the DEP process,
the sample was rinsed in deionized water (DIW) to remove all
remaining traces of the colloidal solution. The current—voltage (I-V)
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characteristics of the samples formed by DEP were measured by using
a Keithley 4200-semiconductor characterization system.

The hydrodynamic diameter of F-68 was measured at 25 °C with a
DLS particle size analyzer (UAP-150, Microtrac). An exfoliated 2D
dispersion was drop-cast on a thermally grown, 300-nm-thick SiO, film
on a Si substrate for characterization. The films of 2D flakes were
prepared by vacuum filtration on the porous aluminum oxide
membrane (Anodisc, Whatman) to obtain SEM images (SEM, S-
4800, Hitachi) along with Raman and PL spectra (514 nm, Aramis,
Horiba Jobin Yvon) of flakes. The sample for TEM (JEM-2100F,
JEOL Ltd.) was prepared by placing a droplet of a colloid suspension
on a lacey-carbon Cu grid (LC300-Cu, Electron Microscopy Sciences).
To determine the thermal decomposition temperature of F-68,
thermal gravimetric analysis (TGA, Mettler Toledo) was carried out
from room temperature to 700 °C at a heating rate of 10 °C/min in an
N, atmosphere. Atomic force microscopy (AFM, XE-100, Park
System) was performed to measure the thickness of exfoliated flakes.
The zeta-potential values of MoS,, graphene, and h-BN were measured
with a Zetasizer (Nano-Z90, Malvern Instruments). The resistance was
obtained from the current—voltage curve measured using a probe
station equipped with a source meter (4200-SCS, Keithley).

3. RESULTS AND DISCUSSION

We investigated the effect of the addition of MeOH, EtOH,
iPrOH, and +BuOH on the micellar size (ie., diameter) using
DLS as shown in Figure 1a. The concentrations of alcohols and
F-68 were 50 vol % and 2.0 mM, respectively. With no alcohol,
F-68 existed in the forms of unimers (~4 nm), micelles (~51
nm), and clusters of micelles (>379 nm). The size distribution
of micelles was consistent with data from the literature
reporting that unimers (~S nm), large micelles (~90 nm),
and clusters (~350 nm) of F-68 coexisted in 1.0 mM F-68
aqueous solution.” The unimer was defined as a single
molecule in the literature.® In this work, when 50 vol %
MeOH, EtOH, iPrOH, and -BuOH were added to 2.0 mM F-
68 solution, micellar sizes of 5, 8, 13, and 183 nm were mainly
detected, respectively, as highlighted with bold font in Table 1.

Table 1. Micellar Sizes Measured in Aqueous Solutions of F-
68 (2.0 mM) with MeOH, EtOH, iPrOH, and t-BuOH

solvents (vol %) diameter (nm) intensity (%)

water (100) 1046, 379, 51, 4 34, 40, 16, 10
MeOH (50) 529, § S, 95

EtOH (50) 1287, 11, 8 10, 3, 87
iPrOH (50) 3732, 276, 13, 4 6,29, 57,8
+-BuOH (50) 183, 7 80, 20
iPrOH (20) 42,6, 4 68, 5,27
iPrOH (40) 13 100

iPrOH (50) 3732, 276, 13, 4 6,29,57,8
iPrOH (60) 478, 13, 4 30, 65, S
iPrOH (100) 2285 100

It was reported that MeOH and EtOH in an aqueous solution
of the (EO);go(PO)gs(EO) g triblock copolymer acted as
water-structure breakers suppressing the micellization of the
copolymer whereas n-butyl alcohol acted as a water-structure
maker promoting micellization.*® The micellar size is thought
to increase with the alkyl chain length of the alcohols added to
the F-68 aqueous solutions. We then investigated the effect of
alcohol concentration on the micellar size. In the case of
iPrOH, F-68 existed in the forms of unimers and small micelles
at a concentration lower than 40 vol %. Large micelles were
formed at concentrations higher than 40 vol %, and only very
large micelles were found at 100 vol % iPrOH as shown in
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Figure 1b. The highest concentrations of alcohols (c,,), in
which unimers and small micelles are mainly formed, are
different because the effectiveness of adding alcohol on
reducing the surface tension of a solution varies depending
on the alkyl chain length of the alcohol.”” ™’ For example, the
addition of iPrOH more dramatically reduces the surface
tension of the aqueous solution than do MeOH and
EtOH.>"*’7*" On the basis of the surface tension of a 40 vol
% iPrOH aqueous solution (26 mN/m), we guess that c,,; of
MeOH, EtOH, and +-BuOH would be 78, 66, and 20 vol %,
respectively, providing the same surface tension values. The
schematics shown in Figure lc demonstrate that F-68
molecules in a ternary system (water/F-68/alcohol) exist in
the form of a unimer or large micelles depending on the
concentration of alcohol whereas the unimers and micelles
coexist in a binary system (water/F-68).

We found that the addition of alcohol causing the change in
micellar size is much more effective for the exfoliation of 2D
materials compared to increasing the F-68 concentration
(Figure S1). Therefore, the exfoliation of MoS, was performed
in 2.0 mM F-68 aqueous solutions with different concentrations
of alcohols. As shown in Figure 2a, without an alcohol, the
average exfoliation yield was less than 0.27% in 2.0 mM F-68
aqueous solution in which micellar sizes of 1046, 379, 51, and 4
nm were detected. In contrast, the average yield was as high as
3.94% in a 30 vol % iPrOH aqueous solution. It then rapidly
decreased with increasing concentration from 40 vol %, which
is consistent with the changes in micellar size. The highest
exfoliation yield was 4.54% that could be obtained in a 50 vol %
EtOH aqueous solution in which 8 nm unimers mainly existed,
which was 16.8 times higher than the value (0.26%). These
results indicate that high-yield exfoliation can be achieved
under conditions where unimers and small micelles mainly
exist. The yield was linearly increased as the sonication time
increased, as shown in Figure 2b and Table S1. The average
yield rate of MoS, calculated by a linear curve fitting was 4.51%
per hour, which was much higher than the value (0.77% per
hour) from a recent report of high-yield exfoliation of MoS, in
an aqueous solution. (We calculated the yield rate using the
reported data in the linearly increasing region with sonication
time.40)

The number of unimers or micelles (the effective number of
surfactant molecules) is inversely proportional to the
aggregation number of surfactants under a constant concen-
tration of surfactant in an aqueous dispersion solution.
According to the universal force-field modeling of the direct
exfoliation of graphene sheets, the adsorption of surfactants on
graphene strongly affects the exfoliation process.”*’ The
surfactants in the aqueous solution with no alcohols tend to
generate large micelles and are less likely to adsorb on the
surface of flakes compared to those with an alcohol. Thus, the
smaller micellar size of polymeric surfactant is a critical
parameter for achieving a higher exfoliation efficiency because
of the larger effective number of surfactant molecules adsorbed
on the surface of the flake as illustrated in Figure 2c.

We observed pronounced spectral changes depending on the
type of alcohols and the concentration of iPrOH, demonstrat-
ing how the micellar size affects the exfoliation of 2D materials
as plotted in Figure 3a,b. Backes et al. introduced a simple
method to characterize dispersions of liquid-exfoliated MoS,
flakes and reported that the energy of the A-excitons and the
relative intensity of the B-excitonic transition varied with the
thickness and size of the flakes whereas the absorption

1220

5
(a) I ¢ = MeOH
l T e EtOH
4r A .
~_~ ’ A ; l A iPrOH
NS ? I A t+-BuOH
~a o3k A a
7 _
S ¢ 1 4
T
2} ., @ ]
% = 1 g =
= ¢ ) (]
2 1t .
e :
F " T é
ol o B
0 10 20 30 40 50 60 70 80 90 100
Volume percent of alcohol (%)
(b) 15| = Experimental data l‘ 15
- - -Fitted line }
7z - O
. =)
:
. 10f L {10 &
X d =
< .7k 8
= e 1 3
= L7 S
= 5r . 105 ~
Ve 7 S a
s - Q
L )
s -’
0 =3 - 1 1 1 0.0
0 1 2 3

Controlling
micellar size

Unimer-assisted exfoliation

Figure 2. (a) Average yield of MoS, flakes exfoliated in water/F-68/
MeOH (M), EtOH (red @), iPrOH (blue A), and t+-BuOH (A)
solutions with different volume percentages of the alcohols. (b)
Changes in the average yield and concentration of MoS, exfoliated in a
50 vol % EtOH aqueous solution as a function of sonication time. The
fitted line is indicated with a corresponding dotted line. (c) Schematic
of unimer exfoliation of MoS, flakes.

coefficient at 345 nm is widely independent of the thickness
and size.*® Thus, the change in the peak of the A-excitons, 4,
which is determined by the second derivative of the absorption
spectra (Figure S2), is clear evidence for estimating the changes
in thickness and size of the exfoliated MoS, flakes; the blue shift
of 1, indicates that the exfoliated MoS, flakes become smaller
and thinner whereas the red shift shows that the exfoliated
MoS, flakes become larger and thicker. The 4, without any
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Figure 3. Absorption spectra, normalized at 345 nm, of MoS, dispersions exfoliated with (a) 50 vol % alcohols and (b) 20, 40, and 60 vol % iPrOH.
The peaks of the A- and B-excitons are marked. (c) 4, and (d) Ag/A;,s plotted as functions of the volume percent of alcohols.

alcohols was 674 nm, and it remains almost constant until 60
vol % of MeOH and EtOH, and increased to 682 and 684 nm
at 80 vol % of MeOH and EtOH, respectively, as shown in
Figure 3c. In the case of iPrOH and t-BuOH, /A, starts to
increase even with the small addition of 20 vol %. This indicates
that the thickness and the size of exfoliated MoS, flakes are
larger than those of flakes exfoliated using short-chain alcohols
such as MeOH and EtOH. Figure 3d indicates that the
considerable increase in the ratio of absorbance at the B-
excitonic peak (605 nm) to that at the local minimum at 345
nm, Ag/Ays with increasing concentration of alcohols also
indicated that the thickness and size became larger.

For achieving a high concentration of an atomically thin
MoS, dispersion, the exfoliation utilizing the size-controlled F-
68 molecules was performed for 3 h and centrifuged at 4000
rpm for 15 min. The photograph of this MoS, dispersion with a
concentration of ~1 mg/mL was shown in the inset of Figure
4a. From the absorption spectra in Figure 4a, the values of 1,
and Ap/As,s were 666 nm and 0.36, respectively, which clearly
indicate that the exfoliated MoS, flakes are very thin.*' The
flakes were obtained by filtration through the porous aluminum
oxide membrane to observe the size of the exfoliated flakes by
SEM. The SEM image shows both MoS, flakes and membrane
pores as indicated by blue and red arrows in Figure 4b.
Exfoliated MoS, flakes were thin enough to see the membrane
pores through the flakes and most of the lateral sizes were <1
um. The TEM image clearly shows that the MoS, flake is
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atomically thin as shown in Figure 4c. The selective area
electron diffraction (SAED) pattern in the inset of Figure 4c
also shows that the exfoliated MoS, is a single crystal in
hexagonal structure. Using the same method as applied in a
previous report,”’ the thickness of exfoliated MoS, flakes was
measured from AFM images of ~180 flakes on a mica substrate.
Figure 4d shows a histogram of the number of layers of MoS,
flakes that can be calculated by dividing the measured thickness
by the thickness of a MoS, single layer, approximately 0.7 nm.
These results indicated that bulk MoS, was successfully
exfoliated into single- and few-layered MoS, flakes by a
unimer-assisted method.

We performed PL measurements for bulk and exfoliated
MoS, flakes. It was reported that monolayer MoS, shows a
strong PL peak at ~1.79 eV corresponding to the direct band
gap emission.””*’ As shown in Figure Sa, for the bulk MoS,
film, any strong PL peaks were not observed because it is an
indirect band gap (~1.2 eV) material. Thin MoS, flakes showed
a strong PL peak at ~1.78 eV after water-washing, although a
weak PL intensity was observed before water-washing. This
result indicates that the surfactant of F-68 can be easily
removed by water-washing because PEO parts of F-68
physically adsorbed on 2D flakes oriented toward the water,
and the surfactant removal is essential for applications such as
optoelectronic applications.

Raman spectroscopy was also used to investigate the change
in vibrational energy of MoS, flakes by exfoliation and
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subsequent water-washing. There are four first-order Raman-
active modes, Ay, Ezgl, Ezgz, and Ej, of bulk 2H-MoS,. "
Among them, Figure Sb showed two strong vibrational modes
of in-plane Ezgl and out-of-plane A, (Figure S3). For bulk 2H-
MoS,, the frequencies of Ezg1 and A, were 381 and 407 cm™,
respectively. It was reported that the Raman peaks of MoS,
(Ajg and B,,' modes) shift away from each other in frequency
with increasing thickness.”® However, as shown in Figure Sb,
the Raman peak differences between A;; and E2g1 for the bulk
MoS, and the exfoliated MoS, were 259 and 25.3 cm™),
respectively, which showed a slight difference. The reason
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might be due to the film preparation method for the
measurement of Raman spectra. The films were fabricated by
vacuum filtration and contained flakes having different
thicknesses as illustrated in Figure 4d. Thus, the Raman peak
shift depending on the thickness of the flake could not be seen
clearly, which is consistent with the earlier report using the
vacuum filtration method.”” The Raman peak intensities of
exfoliated flakes significantly increased compared to those of
bulk MoS,. The frequency of the A}, peak also showed a red
shift, which can be explained using the van der Waals force
model.**** The red shift of the Aj, peak indicated that the
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restoring force between interlayer S—S bonds decreased as the
interaction between the layers decreased in a few layered
exfoliated flakes compared to the bulk MoS,. For the sample
before water-washing, the degree of red shift was smaller than
for the water-washed sample because of physically adsorbed F-
68 on the flakes.

The surfactant of F-68 can also be removed by thermal
decomposition (Figure S4). The 2D flakes can remain stable
after the thermal decomposition process because the thermal
decomposition temperature of F-68 was as low as 235 °C.
Using the graphene flakes, resistances (R) were measured after
the annealing processes at 250, 350, and 450 °C to indirectly
confirm the surfactant removal on 2D flakes. As a result, R was
significantly decreased by a factor of 463.5 with the thermal
decomposition process even at 250 °C (Figure SS). As
demonstrated above, the optical and electrical properties
could be well recovered by removing surfactants from exfoliated
2D flakes via a simple subsequent process.

We further exfoliated graphite and h-BN in the same manner.
As shown in Figure 6a, the concentration of EtOH for the
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Figure 6. (a) Normalized yield of MoS, (M), graphene (red @), and
h-BN (blue A) exfoliated in water/F-68/EtOH as a function of EtOH
concentration. Inset: schematics of F-68 molecules in a ternary system
with different concentrations of EtOH. (b) Photographs of MoS,,
graphene, and h-BN dispersion solutions in 250 mL bottles, taken after
storing for 6 months.

highest exfoliation yield was 50 vol %, at which unimers mainly
exist; the yields of graphene and h-BN were 1.83 and 0.85%,
respectively (Figure S6). The results clearly demonstrate that
unimers and small micelles are much more effective for the
exfoliation of other 2D materials compared to large micelles.
The dispersion solutions of MoS,, graphene, and h-BN
exfoliated by unimers and small micelles remain very stable
even after 6 months as shown in Figure 6b. The 2D flakes
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coated by F-68 can be stabilized not only by steric stabilization
but also by partially electrostatic interactions. As shown in
Figure S7, the zeta-potential values of MoS,, graphene, and h-
BN dispersion solutions are —15.7, —22.9, and —24.4 mV,
respectively, which are consistent with earlier reported values
using nonionic surfactant.””*" This result confirms that the
aqueous solution of 2D materials exfoliated by F-68 unimers is
kinetically stable over a large period of time.

The parallel assembly of 2D flakes should be performed to
utilize 2D flakes for the electronic applications such as
biosensor and gas sensor. In this work, we successfully
deposited MoS, flakes between two electrodes using the DEP
method. The system for DEP assembly is schematically
depicted in Figure 7a. The assembly of exfoliated MoS, flakes
was driven by the DEP force, which can be defined as

Fpgp = (pV)E = (vaE-V)E (1)
where p is the effective dipole moment, v is the volume of the
particle, and @ is the complex effective polarizability.”
According to eq 1, Fpgp is dependent on the gradient of the
nonuniform electric field and the polarizability of the particle,
and the deposition parameters depend on the size and
thickness. In this work, we successfully deposited MoS, flakes
using the DEP method followed by dipping in DIW and
showed the optical microscope image in Figure 7b. The I-V
characteristic curve for the MoS, film formed by DEP is linear
as shown in Figure 7c. The resistance of the MoS, film formed
by DEP was approximately ~5.0 X 10° Q. In the case of
unsuccessful deposition, no sheets at all are observed, and its I—
V curve is nonlinear. When the thickness of MoS, is increased,
the frequency of the Ezgl mode decreases while the frequency
of the A}, mode increases.** Figure 7d shows that the frequency
difference between two modes was 24.4 cm™!, which
corresponded to four layers.

4. CONCLUSIONS

We first clarified the effect of micellar size on the exfoliation of
van der Waals 2D materials such as MoS,, graphene, and h-BN,
and the exfoliation efficiency could be greatly increased by
controlling the micellar size mostly to be unimers of F-68 by
adding water-soluble alcohols including MeOH, EtOH, iPrOH,
and t+-BuOH. With the addition of alcohols at a concentration
lower than c,,;, F-68 existed in the forms of unimers or very
small micelles whereas unimers, micelles, and large clusters of
micelles coexisted in an F-68 aqueous solution with no alcohols.
The present work demonstrated that the smaller micellar size of
the polymeric surfactant could result in a higher exfoliation
efficiency commonly observed for 2D materials owing to a
larger effective number of surfactant molecules adsorbed on the
surface of the flake. The exfoliation yield could be enhanced by
16.8 times by controlling the size of the polymeric surfactants.
We also successfully formed a film composed of MoS, flakes
between two electrodes using the DEP technique. The effective
and facile methodology proposed in this work should be useful
for understanding the exfoliation of 2D materials and achieving
high-concentration 2D dispersion solutions that can be utilized
as precursor solutions for the DEP process. We believe that this
work allows 2D flakes to be successfully utilized for electronic
applications.
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