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ABSTRACT: Exfoliated 2H molybdenum disulfide (MoS,) has

4 &, BuLi
unique properties and potential applications in a wide range of M Sonication ‘
fields, but corresponding studies have been hampered by the lack of ~ ## @l
effective routes to it in bulk quantities. This study presents a rapid lExfoliation NS
and efficient route to obtain exfoliated 2H MoS,, which combines  §¢0MKKY <220 &ytstybolololololoty }ZH BOR e
fast sonication-assisted lithium intercalation and infrared (IR) laser- 2H MoS2 1T MoS2 P FER

induced phase reversion. We found that the complete lithium
intercalation of MoS, with butyllithium could be effected within 1.5 h with the aid of sonication. The 2H to 1T phase transition
that occurs during the lithium intercalation could be also reversed by IR laser irradiation with a DVD optical drive.
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wo-dimensionally bonded transition-metal dichalcoge- structure (2H phase) it has in its pristine form to the trigonal

nides (TMDs),'™* especially monolayer molybdenum IT phase.”>™" This change from trigonal prismatic to
disulfide (MoS,), possess unique physical and chemical octahedral coordination of Mo compromises the semiconduct-
properties and potential utility as hydrogen evolution ing properties of the sheets.
catalysts’~® and components of electronic and optoelectronic In this study, we report a rapid and efficient route to
devices.”™** However, fundamental studies and practical exfoliated 2H MoS,, which combines fast sonication-assisted
applications of MoS, (and related TMDs) have been hampered lithium intercalation and infrared laser-induced phase reversion
by the lack of effective routes to bulk quantities of undamaged as illustrated in Scheme 1. The exfoliation process explored in
single-layer, semiconducting nanosheets. MoS, exhibits a this paper combined the reaction of n-butyllithium (BuLi), a
layered structure with strong covalent Mo—S bonds in plane convenient reagent for the complete intercalation of MoS, to
and van der Waals bonding between sheets.”> This weak stoichiometric LiMoS,,” with sonication. We found that
interlayer bonding enables “top-down” mechanical or chemical lithium intercalation in BuLi/hexane solution could be
exfoliation. Unlike bottom-up strategies such as chemical vapor significantly accelerated by sonication and that complete
deposition,”*™** top-down approaches can start from abundant intercalation occurred within minutes under mild sonication
natural crystals or intentionally doped synthetic crystals to conditions (135 W, ~1.5 h).
produce macroscopic quantities of exfoliated MoS,. However, The progress of the reaction was monitored by X-ray
the production of monolayer MoS, nanosheets by mechanical diffraction (XRD). XRD patterns of freshly intercalated samples
exfoliation methods has so far been challenging because of the periodically taken from the reaction mixture are shown in
low yield of monolayer products in microexfoliation,”” Figure 1. The characteristic peaks of hexagonal 2H Mo, (blue)
sonication-assisted liquid-exfoliation,”** and shear exfolia- quickly disappear within 60 min during the intercalation
tion.>>** The chemical route,>>™* normally involving non- reaction, and new peaks corresponding to the intercalated
aqueous lithium intercalation followed by a water exfoliation phase emerge at the same time. It is well-known that ultrasound
step, requires a lengthy (24 h or days) intercalation step,**™>’ can accelerate reactions by acoustic cavitation, which produces
sophisticated electrochemical control®®*~* or additional pre- intense local heating and high pressures. These effects should
expanding treatment.*’ While it is effective in expanding the increase the rate of reaction between BuLi and MoS,.
layers, the exothermic reaction of water with Li,MoS, produces
a corrosive alkaline medium, which over long reaction times can Received: May 28, 2015
substantially damage the sheets. In addition, the lithium Revised:  August 5, 2015
intercalation reaction transforms MoS, from the hexagonal Published: August 19, 2015
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Scheme 1. Reaction Scheme for the Preparation of
Exfoliated 2H MoS,
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Figure 1. Progression of XRD patterns obtained during the sonication-
assisted lithium intercalation of MoS,. Note that only the main peaks
were noted according to JCPDS 37-1492, and the reflections of the
intercalated compounds are marked by black asterisks. The inset
shows the evolution of the MoS, (002) reflection during the
intercalation reaction, where the (001) reflections of the intercalated
compounds are marked by black asterisks.

Sonication is also known to facilitate the transient expansion
and exfoliation of layered materials in liquid suspensions, which
can help overcome the activation barrier for intercalation.**
Close examination of the (002) peak confirms the rapid decay
of its intensity and the rise of a new adjacent peak at lower
angle, attributed to the c-axis expansion of the intercalated
compound. The spacing between the adjacent layers of the
intercalated phase is ~6.31 A, which is ~0.15 A larger than that
of the pristine MoS, and matches the theoretical interlayer
spacing of LiMoS,. Note that aging the LiMoS, samples in air
results in a further shift of its (001) reflection toward lower
angle and the hydration of the intercalated Li ions (Figure S2,
Supporting Information). X-ray photoelectron spectroscopy
(XPS) shows that both the Mo 3d;;, and Mo 3d;,, peaks
gradually split into two independent regions (Figure S12,
Supporting Information), attributed to the well-known 2H—1T
phase transition during the intercalation reaction. In line with
previous studies,”’ the completely intercalated samples are
predominantly the 1T phase. This phase transition is driven by
electron transfer from Li to MoS, which destabilizes the
trigonal prismatic coordination of Mo beyond a d-electron
count of two per atom.”’

Typical scanning electron microscope (SEM) images of the
intercalated samples show heavy cracking of their surfaces and
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edges (Figure S4, Supporting Information), suggesting their
ready exfoliation in water. In fact, fresh, completely intercalated
samples can react with water and form exfoliated monolayer
MoS, nanosheets when they are sonicated in water for only ~5
min, and incompletely intercalated samples can be exfoliated
over longer periods of time (Figure S9 and S10, Supporting
Information). However, complete exfoliation of aged samples
into single-layer nanosheets does not occur even after
sonication in water for 1 h (Figure SS, Supporting
Information), despite the increased interlayer distance in
Lix(HZO)yMOSZ. Based on these observations, the surface
cracking and reactivity of intercalated samples induced by
sonication appears to play a key role in the efficiency of
exfoliation. The highest yield of single-layer products is found
when the solid is exfoliated immediately after intercalation.
Transmission electron microscopy (TEM) images of
exfoliated MoS, shows translucent nanosheets (Figure 2a)
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Figure 2. Representative TEM, SEM, and AFM images of exfoliated
MoS,. The scale bars in a and b are 400 and 200 nm, respectively. The
scan sizes of AFM images in ¢ and d are 2 ym.

with obvious wrinkles and folds as revealed by SEM (Figure
2b). Prolonged sonication of the completely intercalated
products in water leads to a dramatic decrease in the lateral
size of the sheets (Figure S9 and S11, Supporting Information),
attributed to the corrosion of single-layer MoS, in the alkaline
medium. The monolayer nature of the exfoliated sheets was
confirmed by atomic force microscopy (AFM). Based on the
AFM analysis of the exfoliated products prior to purification
(Figure 2c), the yield of single sheets can be roughly estimated
at >95%, and the exfoliated sheets have a dominant lateral size
of about 300 nm. Folded exfoliated sheets with lateral size over
2 pm can be occasionally found (Figure S7, Supporting
Information). Normally, individual sheets measured by AFM
(Figure 2d) have an average thickness of ~1.2 nm, in line with
the reported apparent thickness of a chemically exfoliated
monolayer of MoS,. Note that this value is somewhat larger
than the theoretical thickness of monolayer MoS, and flat
samples prepared by mechanical exfoliation methods, and it is
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attributed to an intrinsic out-of-plane deformation of 0.6—1
nm, 4546

Despite its efficiency in producing monolayer MoS,, the
chemical intercalation/exfoliation route always results in the
loss of the semiconducting properties of pristine MoS,, because
of the 2H to 1T phase change during Li intercalation.”* In
order to reverse this transformation, exfoliated MoS, sheets are
typically annealed or heated in high boiling organic solvents at
temperatures of 100—300 °C under an inert atmosphere.””*’
Considering the metastable nature of the metallic 1T phase of
MoS, and the intrinsic strong infrared (IR) absorption of
metallic materials (such as the 1T MoS,), we hypothesized that
the 1T phase could be thermally converted back to the 2H
phase when exposed to IR radiation. This hypothesis was
confirmed as shown in Figure 3a. A thin film of chemically

IR irradiation

Figure 3. (a) IR laser-induced transformation of restacked 1T MoS,
nanosheets to 2H MoS,; the image written on the DVD is a ball-and-
stick drawing of a 2H MoS, layer. Typical SEM images of exfoliated
MoS, before (b) and after IR irradiation (c).

exfoliated MoS, dispersed in water was drop-cast onto DVD
discs and irradiated with the near-IR laser of a commercial
DVD optical drive. The 1T—2H phase transformation is
indicated by the change in color from dark to light gray. Using
the write capability of the LightScribe DVD drive, this
transformation could be done in any designed pattern as
illustrated. In keeping with the TEM, SEM, and AFM results
above, cross-sectional SEM images of the deposited films show
well-exfoliated wrinkled sheets (Figure 3b) and no noticeable
changes in morphology after conversion to the 2H phase by
irradiation (Figure 3c).

Raman spectroscopic analysis confirms the successful 1T—
2H phase transition of exfoliated MoS,. Consistent with
previous studies of the 1T phase,””*® chemically exfoliated
MoS, before irradiation (Figure 4a) shows additional J;, J,, and
J; peaks that are attributed to the superlattice structure of 1T
MoS, nanosheets. The presence of the E,, band at 284—307
cm™" along with the weak EI2g band confirms the dominant
octahedral coordination of Mo in 1T MoS,. After irradiation
with IR (Figure 4b), the Raman signals of the characteristic in-
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plane ElZg and out-of-plane A;, modes of MoS, substantially
increase, in concert with the disappearance of the Jj, J,, J;, and
E,; peaks. These distinct changes confirm the 1T—2H _})hase
reversion and are supported by further analysis by XPS.*” Like
the intercalated products before exfoliation, chemically
exfoliated MoS, nanosheets consist predominantly of the 1T
phase before IR irradiation (Figure 4c). The 1T peaks
disappear completely upon IR irradiation (Figure 4d). It should
be noted that the Mo®" peak increases slightly during
irradiation, most likely because of partial air oxidation of the
MoS, surface.

The metallic to semiconducting transition was confirmed by
the diffuse reflectance UV—vis—NIR spectroscopy. As shown in
Figure 4e, the deposited exfoliated MoS, film before irradiation
has a featureless spectrum with a strong absorption band in the
near-IR region and the expected stronger absorption in the mid
and far-IR regions, attributed to the metallic 1T phase. The
characteristic direct-gap transitions (transitions A and B)*
between the lowest conduction band and the highest valence
split bands at the K-point of 2H MoS, emerge after irradiation,
due to the 1T—2H phase reversion. A plot of the transformed
Kubelka—Munk function versus photon energy reveals that the
direct band gap of rradiated MoS, is ~1.71 eV (Figure 4f). This
value is larger than the indirect band gap of bulk MoS, (~1.3
eV) and matches the band gap of monolayer 2H MoS, (~1.8
eV)." Taken together, these results demonstrate the successful
1T—2H phase reversion and the restoration of semiconducting
properties from the chemically exfoliated MoS,.

In summary, we have developed a rapid and efficient method
for preparing exfoliated 2H MoS, from bulk crystals. The
complete lithium intercalation of MoS, with BuLi could be
effected within 1.5 h with the aid of sonication, which is
significantly faster than has been reported by conventional
methods. The 2H to 1T phase transition that occurs during the
intercalation process can be reversed by IR laser irradiation,
restoring the semiconducting properties of the nanosheets. In
films with thicknesses of a few microns, exfoliated 1T MoS, can
be readily converted to its 2H counterpart by using a DVD
optical drive as the light source. The methods described here
should be easily adaptable to the preparation of doped MoS,
and other exfoliated TMDs from the appropriate parent crystals
on a bulk scale.

Methods. Intercalation and Exfoliation of MoS,.
Typically, the intercalation of MoS, was carried out by
sonicating (135 W, Branson 5510) 2 g MoS, crystals (Acros
Organics) with BuLi/hexane solution (10 mL, 5 M, Sigma-
Aldrich) in a S0 mL Schlenk flask for ~1.5 h. This procedure
could be scaled up, and optimization of the intercalation
process could be achieved by adjusting the water level of the
sonication bath. Excess BuLi was recovered by filtration or by
dilution with hexane, and the intercalated samples were
retrieved by centrifugation and washed three times with 40
mL of hexane to remove excess lithium and organic residues.
Standard air-free techniques were employed by using a Schlenk
line or a glovebox under the protection of inert gas. Exfoliation
was achieved by immediately sonicating the freshly intercalated
samples in water for about 5 min, and the exfoliated samples
were purified by centrifugation.

IR Laser-Induced 1T—2H Phase Transition. Exfoliated MoS,
thin films on the DVD discs were prepared by drop-casting ~15
mL of the exfoliated MoS, dispersion onto the top-side of DVD
discs (Verbatim) and drying for >24 h at ambient temperature.
The films were irradiated in air with the near-IR laser inside the
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Figure 4. Raman spectra of the chemically exfoliated MoS, before (a) and after irradiation (b). Note that different Raman intensities were observed
under the same characterization conditions with 514.5 nm laser excitation, and the Raman peak positions of the obtained exfoliated 2H MoS, are not
sensitive to the layer number in the restacked films;*” Mo 3d and S 2s XPS spectra of chemically exfoliated MoS, before (c) and after (d) IR
irradiation. The 2H and 1T phases show a difference in binding energy of about 0.9 eV; (e) diffuse reflectance UV—vis—NIR spectra of the deposited
MoS, film before (blue line) and after irradiation (red line); (f) plot of the transformed Kubelka—Munk function vs photon energy for the irradiated
MoS, film. The energy value at the point of intersection of the tangent line and the horizontal axis is the optical band gap.

commercial LightScribe DVD optical drive®® (LG GE20LU10,
40 mW as objective emission light of 780 nm wavelength). For
films with thicknesses of few microns, the 1T—2H phase
reversion was complete after one write cycle, consistent with
the relatively long penetration depth of near-IR radiation.

Characterization. Samples were characterized by XRD
(Philips Empyrean, Cu—Ka radiation), TEM (JEOL 1200
EXII), AFM (Bruker Icon microscope, peak force tapping
mode), SEM (FEI NanoSEM 630 FESEM), Raman (Renishaw
inVia confocal microscope-based Raman spectrometer with
514.5 nm laser excitation), X-ray photoelectron spectroscopy
(Kratos Analytical Axis Ultra), and a UV—vis—NIR spectro-
photometer (PerkinElmer Lambda 950).
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