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ABSTRACT: The controlled exfoliation of transition metal 140
dichalcogenides (TMDs) into pristine single- or few-layer
nanosheets remains a significant barrier to fundamental studies
and device applications of TMDs. Here we report a novel
strategy for exfoliating crystalline MoS, into suspensions of 0 500 1000 1500 2000 250
nanosheets with retention of the semiconducting 2H phase. Diameter (nm)

The controlled reaction of MoS, with substoichiometric
amounts n-butyllithium results in intercalation of the edges of :
the crystals, which are then readily exfoliated in a 45 vol % 1 2o
ethanol—water solution. Surprisingly, the resulting colloidal ll e ?\‘%ﬂk
suspension of nanosheets was found (by electron microscopy o e T}?ickn:ss (,12,?1) S Lo g
and atomic force microscopy) to consist mostly of trilayers. The

efficiency of exfoliation of the pre-intercalated sample is increased by at least 1 order of magnitude relative to the starting MoS,
microcrystals, with a mass yield of the dispersed nanosheets of 11—15%.
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B INTRODUCTION and a mixture of 1T and 2H phases is obtained in the exfoliated
nanosheets.””*""** Even though the 2H phase can be recovered
after annealing37 or infrared irradiation,* lattice distortions and
vacancy defects are typically observed in the product.”*

Direct exfoliation of MoS, crystals in solvents is a promising
way to prepare high quality 2H MoS, nanosheets without these
defects. As in the case of graphite,” the dispersive London
interactions between MoS, layers can be compensated in a
properly chosen solvent by minimizing the interfacial tension
between the liquid and solid. Therefore, the exfoliation of MoS,
crystals can proceed by ultrasonication®*™*” or shear mixing**
in solvents with surface tension close to 40 mJ m~2 However,
the yield of single- or few-layer (layer number N < 3)
nanosheets is low, and the sheets obtained have small lateral
dimensions (<300 nm) and a broad range of N.*® The best
exfoliation results are achieved by using high-boiling organic
solvents such as N-methyl-2-pyrrolidone (NMP) or surfactant
solutions.”® Recently, Vaia and co-workers have shown that the
exfoliation yield in NMP is sensitive to trace water and
dissolved oxygen.”” They proposed a mechanism in which
oxidation at edge plane sites facilitates the separation of sheets

Layered materials have strong covalent bonds in plane and van
der Waals bonding between sheets.'”* The weak interlayer
bonding enables the exfoliation of these solids into two-
dimensional nanosheets with electronic, mechanical, and
catalytic properties that are not necessarily observed in their
bulk counterparts.” *° Unlike micromechanical exfoliation,
liquid-phase exfoliation enables the preparation of macroscopic
quantities of exfoliated nanosheets for a variety of applica-
tions.”' ~>® Over the past decade, significant advances have been
achieved in the liquid phase exfoliation of graphite.””** Many of
these methods can be applied to other van der Waals solids
such as transition-metal dichalcogenides (TMDs),****~* but
some challenges still remain.

One crucial issue lies in the fact that the TMD sheets are
three atom thick layers, with the transition metal atom
sandwiched between two chalcogen layers. As a consequence,
TMDs are polymorphic and can adopt structures with different
electronic properties.’*>> The archetypal example is MoS,,
which in bulk form adopts a semiconducting hexagonal
structure (2H phase) with trigonal prismatic coordination of
Mo by S.*® Unfortunately, the most efficient exfoliation route by polar solvents.
for MoS,"”~*! involves the intercalation of guest species such as We reasoned that since the intercalation of layersegl materials
Li, which involves host—guest charge transfer.*” Reduction can is known to proceed from the edges of the crystal,”" the edges
transform MoS, from the semiconducting 2H phase to the might be more effectively activated for liquid phase exfoliation
metallic 1T or 1T’ phase, in which Mo is octahedrally
coordinated.”* A number of studies have shown that Received: February 9, 2016
intercalation with lithium destabilizes the 2H phase of MoS,, Published: March 31, 2016

ACS Publications  © 2016 American Chemical Society 5143 DOI: 10.1021/jacs.6b01502
g J. Am. Chem. Soc. 2016, 138, 5143—-5149


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b01502

Journal of the American Chemical Society

BuLi N

edge
intercalation =

— Exfoliation
—— water +
ethanol

Figure 1. Illustration of the preparation of trilayer 2H MoS, by reaction with substoichiometric n-butyllithium followed by exfoliation in ethanol/

water.

by using substoichiometric amounts of strong reducing agents
that are known to intercalate MoS,. This idea is illustrated
schematically in Figure 1. By varying the stoichiometry of n-
butyllithium used in this process, we found that it is possible to
avoid the 2H—1T phase change. Intercalation of Li into MoS,
crystals at a 1/10 molar ratio results in efficient exfoliation in
ethanol/water mixtures, to a mass yield of 11—-15% exfoliated
sheets. To our surprise, this process preferentially yields trilayer
2H MoS, nanosheets with lateral dimensions on the order of
microns.

B RESULTS AND DISCUSSION

Bulk MoS, crystals were reacted with n-butyllithium in hexane
at ambient temperature for 3 days. High-resolution X-ray
photoelectron spectra (XPS) are consistent with earler studies
of electrochemical Li intercalation®’ and theoretical studies>”
and show the absence of the 1T phase when substoichiometric
lithium (x = Li/Mo < 0.2) is used (Figure 2). As the Li/Mo
ratio is increased, the Mo 3d;/, and 3d;,, peaks gradually shift

to the lower binding energy, which can be attributed to the
donation of electrons from intercalated Li to Mo. At higher Li/
Mo ratios, both the Mo 3d;, and 3d,, peaks can be
deconvoluted into two independent components with a
separation of binding energy around 0.8 eV. This difference
is consistent with a previous report”" of the binding energies of
the 2H and 1T MoS, phases.

The additional (001) and (002) peaks in the XRD for x > 0.1
correspond to the Li,_,MoS,(H,0), phase, which is formed by
hydration of LiMoS,. However, this compound does not
necessarily adopt the 1T phase, as evidenced by XPS (Figure 2)
and the results of DFT calculations (see Supporting
Information). Li,MoS, can adopt the 2H phase for x > 0.2.

Structural changes in the MoS, crystals were further
investigated by X-ray diffraction (XRD). In line with our
recent report,” the intercalation of stoichiometric lithium (x =
1) into MoS, slightly expands (~0.15 A) the interlayer galleries.
Hydration further shifts the (001) reflection to lower angle, as
can be observed when the samples with x > 0.2 are left open to
the atmosphere (Figure 3). The intensity of the characteristic

Mo 3d,,

1T,
x=0.6 Mo®
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Figure 2. High-resolution XPS spectra of the MoS, crystals after
reaction with different substoichiometric amounts (x = Li/Mo) of n-

butyllithium.
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Figure 3. XRD patterns of MoS, crystals after reaction with different
amounts of n-butyllithium. Additional (001) and (002) peaks (*) of
Lix_yMoSZ(HZO)y emerge when x > 0.2, whereas only broadening of
the (002) peak of 2H MoS, is observed when «x = 0.1 (inset). Note

that Lix_yMOSZ(HZO)y is not necessarily in the 1T phase.

peaks of hexagonal 2H MoS, rapidly decrease for x > 0.2
because of the loss of long-range order that occurs when a
mosaic of 2H and 1T phases is formed.>* However, controlled
reaction of MoS, with substoichiometric lithium (x = 0.1)
yields an XRD pattern that is nearly identical to that of the
pristine crystals, except for slight broadening of the (002) peak
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toward lower angles (inset), most likely due to the insertion of
lithium at the edges of the MoS, sheets.

Based on these results, the Li;;MoS, composition was
chosen for exfoliation, with pristine MoS, as a control.
Systematic studies of the exfoliation efficiency were carried
out in a 45 vol % ethanol—water mixture, which has been
shown to have reasonable exfoliation efficiency for TMDs.>
Samples were sonicated in the mixed solvent with a horn
sonicator. The resulting dispersions were centrifuged to remove
any remaining bulk crystals, and the supernatant was decanted.
In situ characterization of the diluted dispersions was carried
out by UV—vis—NIR absorption spectroscopy.’® Both the
spectra of Liy;MoS, and MoS, dispersions show the character-
istic A and B transitions of exfoliated 2H MoS, after sonication
for only 1 h, despite the great difference in their absorption
intensity and curve shapes (Figure 4a). According to a recent
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Figure 4. (a) UV—vis—NIR spectra of the Li;;MoS, (red line) and
MoS, (blue line) dispersions. The dispersions were diluted identically
for comparison. The initial Liy;MoS, or MoS, concentration was 7.5
mg mL™}, and sonication (40% X 700 W) was carried out for 1 h
followed by standard centrifugation at 2000 rpm for 30 min. (b) UV—
vis—NIR spectra of Li;;MoS, dispersions obtained under optimized
conditions. The spectra are normalized to the intensity at 348 nm. The
initial Liy;MoS, concentration was 15 mg mL™", and sonication (40%
X 700 W) was carried out for 2 h followed by centrifugation at 1000—
6000 rpm for 30 min.

study by Coleman and co-workers,”® the local minimal
extinction at ~345 nm (348 nm in our case) rather than the
A- or B-exciton should be used to estimate the concentration of
exfoliated MoS,, given the scattering of nanosheets of different
sizes and thicknesses. Repeated experiments and quantitative
tests confirm that the two spectra show at least 1 order of
magnitude difference in the extinction at 348 nm, suggesting a
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significant increase in the concentration of MoS, nanosheets
when Liy;MoS, was used. Furthermore, the A-exciton peak of
the Liy;MoS, dispersion shows an obvious blue-shift of 4 nm
relative to the MoS, control sample, indicating an increase in
the optical band gap and thus a decrease in the average
thickness of the nanosheets.”*

To obtain the optimum parameters for the exfoliation, we
systematically studied the sonication time, initial concentration,
and centrifugation rate (see details in Supporting Information).
Under optimized conditions (Experimental Section), a highly
concentrated, dark green dispersion can be directly obtained
after sonication for 2 h (see Supporting Information). The final
dispersions were obtained after centrifugation at 1000—6000
rpm for 30 min, and their normalized UV—vis—NIR spectra are
shown in Figure 4b. A continuous blue-shift of the A-exciton
from 669 to 663 nm can be clearly observed after centrifugation
at different speeds. According to a recent study, the average
layer numbers (Navg) of exfoliated 2H MoS, nanosheets can be
estimated from an empirical equation based on the A-exciton
absorbance.*® Considering that limited intercalation occurs in
our experiments and the 2H structure is retained in the
product, the product is chemically very similar to solvent-
exfoliated MoS, and should have similar optical properties.
Thus, the N,,, of MoS, nanosheets in the dispersions after
centrifugation at 1000 to 6000 rpm can be estimated to be 5.4
to 2.6, respectively. Corresponding concentrations can be
directly measured to be around 2.2 to 1.6 mg mL™" by vacuum
drying methods, owing to the low-boiling-point nature of the
ethanol—water mixture. These values are about 2 orders of
magnitude greater than the highest reported concentration of
MoS, in ethanol/water (0.018 mg mL™")>* and are also higher
than those found in organic solvents such as NMP.** As the
initial concentration of the crystals was 15 mg mL™", the yield
by weight™” of the dispersed nanosheets can be calculated to be
11-15%. Considering the decrease of N,,, in the different
dispersions, the calculated extinction coefficients at 348 nm
significantly decrease from around 19 to 5.3 mL mg™' cm™/,
probably due to the reduced scattering and increased
transparency in the thinner nanosheets. This hypothesis is
supported by the significantly reduced scattering background
when compared with previous studies,"”*® as well as the
obviously reduced scattering background with increasing
centrifugation speed (please see details in Supporting
Information).

Despite the fact that calculated extinction coefficients may
vary for different instruments and solvents, this interesting
finding can explain, at least in part, the large deviation in
reported extinction coefficients*® (~69 mL mg™' cm™! at 345
nm) from previous studies, in which thicker nanosheets were
involved. Normally, the thickness of MoS, nanosheets obtained
by liquid exfoliation is always correlated with the lateral size of
the sheets due to the greater interlayer binding energy
associated with larger flakes. Therefore, single- or few-layer
nanosheets with lateral sizes over 300 nm are rarely seen.
However, this is not the case for exfoliation of Lij;MoS,. As
shown in Figure Sa—d, abundant nanosheets with lateral
dimensions greater than 500 nm can be observed in the final
dispersion (after centrifugation at 6000 rpm) by atomic force
microscopy (AFM). To our surprise, most of these large
nanosheets (~70%) with lateral sizes over S00 nm show the
same apparent AFM height of ~5 nm (Figure Se), although a
few thinner or thicker nanosheets (multiples of ~5 nm in
height) can be also found. A systematic analysis of the steps of
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Figure S. AFM images and the corresponding cross-sectional analysis of the exfoliated nanosheets. The lateral size distribution shown in (e) was
counted from 509 nanosheets, and the thickness distribution is based on 261 nanosheets with lateral sizes over 500 nm (see more details in
Supporting Information).

many nanosheets reveals that the apparent monolayer height is supported by the clear hexagonal selected area electron
~1.5 nm (see additional step analysis in Supporting diffraction (SAED) pattern of the 2H structure (inset in Figure
Information). The first step on the Si substrate is ~2 nm 6¢). In scanning electron microscopy (SEM), it is easier to find
(Figure 5f), and the difference likely arises from the weak the larger nanosheets with lengths over a few micrometers
sample/substrate interaction and the possible presence of (Figure 6d,e). It should be noted that the SEM-based lateral
trapped solvent.*® These results suggest a trilayer structure for size distribution (Figure 6f) is consistent with the AFM
the vast majority of the exfoliated nanosheets, in agreement analysis, despite the potential to underestimate the number of
with the UV—vis—NIR results (N, = 2.56). The trilayer small nanosheets owing to the difference in resolution of the

structure can be directly observed for some nanosheets with
clearly exposed edges (Figure Sg) and is further supported by
high-resolution transmission electron microscopy (HRTEM)
(Figure 6).

Nanosheets with lengths over 1 ym, which are readily found
by TEM, appear transparent and have uniform contrast (Figure
6a). The trilayer structure can be clearly observed in HRTEM
images at the occasionally found folded edge (Figure 6b), with
a parallel fringe spacing of 0.673 nm (see inset). This value is ) ; )
larger than that of bulk MoS, (~0.615 nm), possibly due to the reaction always begins from a higher stage and progresses

reduced interlayer binding energy.”” Note that the interlayer toward lower stages. However, only stage 1 conégounds have
distance here is obviously smaller than the apparent monolayer been reported for lithium intercalation of TMDs,” despite the

two techniques.

The preferential exfoliation of Liy;MoS, into large trilayer
MoS, nanosheets suggests the possibility that a staged
intercalation compound should be formed in the reaction of
bulk MoS, crystals with substoichiometric amounts of n-
butyllithium. Staging, in which guest species are inserted
between every second layer, third layer, etc., is well-known for
the intercalation of graphite.”” In that case, the intercalation

heights measured by AFM because of AFM instrumental offset very long history of those intercalation reactions. Although
(caused by different interaction forces) and the intrinsic out-of- XRD patterns (Figure 3) do not show evidence of staging, it is
plane deformation of two-dimensional structures.”® The possible that such phases might not be detected if they formed
hexagonal lattice of 2H MoS, is clearly visible in the basal only at the edges of the crystals. Therefore, we carried out
plane by HRTEM (Figure 6¢), representing the high degree of density functional theory (DFT) calculations in order to
crystallinity of the MoS, nanosheets. This conclusion is further estimate the relative stability of staged Li,MoS, compounds.
5146 DOI: 10.1021/jacs.6b01502
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Figure 6. Representative TEM images of exfoliated MoS, nanosheets (a—c). SEM image of MoS, nanosheets on a Si substrate (d, e) and SEM-based
size distribution counted from 191 nanosheets (f) (see Supporting Information for raw SEM data and additional details).

The results of the DFT calculations for various Li,MoS,
structures are shown in Figure 7. The calculated energies, on a
per Li atom basis, of stage 1 and ordered higher stage
compounds in the 2H structure are very similar, and therefore
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Figure 7. Formation energies (per mole of Li) of Li(MoS,), calculated
for different Li concentrations (1/x). S1, S2, S3, and S4 represent
stage 1, stage 2, stage 3, and stage 4 structures, respectively. Filled and
open circles represent 2H and 1T structures, respectively. Details of
the DFT calculations are given in the Supporting Information.
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there is no strong support for the notion that a stage 3
compound, formed at the edges of the sheets, is the precursor
to exfoliated trilayers. The calculations show nearly the same
energy per Li atom for all structures in the 2H phase, but they
indicate a clear energy difference between 1T and 2H
structures, the latter being more stable at low Li/Mo ratios.

B CONCLUSION

In summary, we report a strategy for exfoliating MoS, crystals
into trilayer 2H MoS, nanosheets, which cannot be produced
selectively by other existing methods. Based on the
experimental results and density functional theory calculations,
the controlled reaction of MoS, with limited n-butyllithium
results in partial intercalation without the undesirable 2H to 1T
phase change. Intercalated lithium at the edge of the crystals
may serve as a wedge to facilitate the exfoliation of MoS, by
solvent molecules. Importantly, this method enables the
preparation of nanosheets with controlled thickness and lateral
dimensions in the micrometer range. The method described
here may be applicable to the preparation of other exfoliated
TMDs nanosheets with selective layer numbers, thus opening
the possibility of producing layers on demand with desired
electronic properties on a bulk scale.

B EXPERIMENTAL SECTION

Controlled Intercalation and Exfoliation of MoS,. The
intercalation of MoS, was carried out by slowly reacting MoS,
microcrystals (Acros Organics) with controlled amounts of n-
butyllithium (1.6 M in hexane, Sigma-Aldrich) at room temperature.
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For example, in order to obtain Li,;MoS,, 4 g of MoS, was stirred
with 2.5 mmol n-butyllithium and 40 mL of hexanes in a 50 mL
Schlenk flask under an N, atmosphere at room temperature for 3 days.
The resulting solid intercalated compound was washed with 30 mL of
hexane three times and then dried under vacuum at room temperature.
Note that for the intercalated dried samples (LiMoS,), some
Li,_,MoS,(H,0), is formed when the samples are opened to the
atmosphere, due to the irreversible hydration of Li,MoS,.

The dried pre-intercalated samples or bulk MoS, crystals were
exfoliated by sonication in an ethanol (45%)/water solution with a
horn sonicator (QSONICA, Q700), followed by centrifugation
(Eppendorf, model 5417C) to remove the remaining unexfoliated
crystals. The optimized procedure for the preparation of trilayer MoS,
was 150 mg of dried Liy;MoS, and 10 mL of ethanol/water loaded in
a 20 mL vial, followed by sonication (40% X 700 W) for 2 h; the raw
dispersion was centrifuged at 6000 rpm (3820g) for 30 min, and the
top 2/3 of the supernatant was collected. For the UV—vis analysis, the
raw dispersion (~10 mL) after sonication was divided into equal
portions for centrifugation at different speeds in order to provide
parallel results for comparison. The concentration of MoS, was
calculated by repeatedly drying 1 mL of each dispersion on Al foil
under vacuum, followed by measuring the weight difference with a
microbalance (Sartorius, model SC2).

Density Functional Theory Calculations. All calculations were
performed within the framework of density functional theory (DFT)
as implemented in CASTEP.®" The general gradient approximation
(GGA) in the Perdew—Burke—Ernzerhof (PBE) form® was used to
express the exchange-correlation energy. The van der Waals
interaction between MoS, layers was corrected using the semiempirical
method proposed by Grimme.*>** The plane-waves basis with a cutoff
energy of 350 eV and the conjugate gradient algorithm were applied to
determine the electronic ground state with a convergence threshold of
2.0 X 107° eV/atom. The tolerance for structural optimization was set
at 2.0 X 107° eV/atom for energy and 0.05 eV/A for force. The
integrations over the Brillouin zone were performed by Monkhorst—
Pack grids with a spacing of 0.05 A™'. All calculations were spin
polarized. Additional details can be found in the Supporting
Information.

Characterization. Samples were characterized by X-ray photo-
electron spectroscopy (Kratos Analytical Axis Ultra), XRD (Philips
Empyrean, Cu Ka radiation), UV—vis—NIR spectrophotometry
(PerkinElmer Lambda 950), AFM (Bruker Icon microscope, peak
force tapping mode), TEM (JEOL 1200 EXII), high-resolution TEM
with SAED (FEI Titan3 G2), SEM (FEI NanoSEM 630 FESEM), and
Raman spectroscopy (Renishaw inVia confocal microscope-based
Raman spectrometer with 514.5 nm laser excitation).
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