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ABSTRACT: A new wet chemistry approach, based on low-temperature (360 °C) decom-
position in oleylamine of single-source precursors containing both metal and sulfur, is
proposed for the production of stable free-standing nanosheets of MoS, and WS,. The
one-pot synthesis permits high-quality 2D nanosheet crystals of MoS, and WS, to be obtained
with a modular number of nanolayers for units. The layered materials obtained are covered by a
dynamic protective coating of oleylamine that stabilizes the suspension, avoids aggregation and
oxidation phenomena, and could be easily functionalized with other molecules or nanosystems
to introduce new properties to the hybrid organic—inorganic nanocomposite. The reaction
products were characterized by X-ray diffraction (XRD), transmission electron microscopy
(TEM), attenuated total reflectance Fourier transform infrared spectroscopy (ART-FTIR),

{ ‘
; ik :> *MS,@oleylamine
o

field emission scanning electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis
coupled with mass spectrometry (TG-MS), and dynamic light scattering (DLS) for particle size distribution (PSD).
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1. INTRODUCTION

Stable 2D nanosheet crystals such as transition metal chalco-
genides have been emerging as new appealing materials' >
thanks to their unique properties that are useful for several
applications including new generation of transistors,* photo-
emitting devices,>® nanostructurated photoelectrochemical solar
cells,” hydrogen storage,8 catalysis,9 lubricants,'®~*? Li-ion bat-
teries, and '>'* double-layer capacitors.

In this context, the possibility of synthesizing 2D crystals of
MoS, and WS, as stable structures of only a few layers is a real
challenge because they are unstable and immediately scroll up
into closed structures such as quasi-OD onions (IF-nanoparticles)
or 1D tubes.'

Different strategies have been recently proposed to synthesize
these materials on a stable nanometric scale, such as hydrothermal
processes,'” mechanical activation at high temperature,'® or shape
transformation from 1D WS, nanorods to 2D nanosheet crystals."®

Parallel with traditional intercalation —exfoliation methods for
the production of MoS, and WS, sheets,"” liquid exfoliation in
common organic solvent of bulk chalcogenides20 and scotch
tape-based micromechanical exfoliation of natural molybdenite
crystals were also recently proposed.*

Moreover in the past few years, hybrid organic—inorganic
tungstate/molybdate precursors have been proposed as lubricant
additives for different oils in several patent applications. The idea
was based on the tribochemical formation in situ of layered MoS,
and WS, in the presence of sulfur sources.”"**

Herein, a new wet chemistry approach for the production of
stable free-standing nanosheets of MoS, and WS, is described.
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The innovative synthesis is based on low-temperature (360 °C)
decomposition in oleylamine of single-source precursors con-
taining both metal and sulfur.” In panel (a) of Figure 1 schematic
representation of the synthesis apparatus is shown: it has been
used to produce free-standing nanosheets of chalcogenides either
as single sheets (30 min reaction time) or assembled with a few
multiple sheets (90 min reaction time). Figure 1 also includes
some pictures acquired during the synthesis of WS,@oleylamine
nanosheets. It is possible to follow the thermal decomposition of
the precursor through the color changes of the reaction mixture.
The synthesis product, obtained after a very short time (30—
90 min) under nitrogen atmosphere and mechanical stirring, is a
stable black oily suspension that can easily turn into a oily paste
by centrifugation and/or is dispersed and diluted in several non-
polar solvents, oils, and greases for different applications. The so-
obtained nanosheets are made of one or a few layers of crystalline
metal chalcogenide covered by an oleylamine organic coating.
Thus, the suspension is stabilized, and both aggregation and oxi-
dation phenomena are avoided. Potentially, the coating can be
easily functionalized with other molecules or nanosystems to give
new properties to such organic—inorganic hybrid nanocompo-
sites. It must be pointed out that because we have found that the
number of assembled layers is correlated to the reaction time, and
it could be easily controlled.
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2. EXPERIMENTAL SECTION

2.1. Materials. Oleylamine (>70%), ammonium tetrathiotungstate
(299.9% trace metals basis), ammonium tetrathiomolybdate (99.97%

Single nanosheets

*(NH4)2MS4

] (after 30 min)
360°C, Nj
+ oleylamine L

[ 8 e—- MS2@oleylamine

(after 90 i)

Few layers of
nanosheets

Figure 1. Scheme of the apparatus for the synthesis of 2D MS,@oley-
lamine nanosheets by thermal decomposition of thio-salts of Mo and W
in the presence of oleylamine. Varying the reaction time, free-standing
monolayers or a few assembled layers were obtained. Color changes of
the reaction mixture during the synthesis of WS,@oleylamine suggest
that the decomposition of the precursor occurred. In the case of the
molybdenum precursor, the color changes from red to black.

trace metals basis), ethanol, and toluene were purchased from Aldrich
and were used as received.

2.1. Synthesis of 2D MoS,@oleylamine Nanosheet
Crystals. A total of 2 mmol of (NH,4),MoS, was stirred in 80 mL
oleylamine under a N, flow at 100 °C for 15 min. The temperature
was increased and kept constant at 360 °C for 30 min or 90 min.. The
reactor was cooled to room temperature, and a black product was
collected.

2.2. Synthesis of 2D WS,@oleylamine Nanosheet Crystals.
A total of 2 mmol of (NH,),WS, was stirred under a N, atmosphere in
80 mL of oleylamine for 15 min at 100 °C. The temperature was in-
creased and kept constant at 360 °C for 30 min or 90 min. The reactor
was cooled to room temperature, and the product was collected. To
remove the excess surfactant, the samples were repeatedly washed with
ethanol and centrifuged.

2.3. Characterization Techniques. TEM micrographs were
obtained with a JEOL JEM 2010 electron microscope operating at
200 keV. XPS measurements were carried out using a PE-PHI/SAM-
5600 monochromator system spectrometer. XRD patterns (Cu Ka
radiation) were collected with a Bruker D8 diffractometer. Field emis-
sion scanning electron microscopy images were collected with a
FESEM LEO 1550 VP microscope. The nanoparticles were character-
ized using (ATR) FT-IR. The infrared spectra were acquiered by a
Thermo Nicolet attenuated total reflection (ATR) FT-IR spectrometer
equipped with a ZnSe crystal cell. The thermal decomposition behavior
of the nanosheet organic coating was investigated with a TG-DTG-
DSC symultaneous thermo-analyzer (Q600, TA Instruments) online
connected to a quadrupole mass detector (Quadstar 422, Pfeiffer Vacuum).
Particle size distribution of nanosheet dispersion was determined using
a dynamic light scattering (DLS) instrument (HPPS ET— Malvern
Instruments).
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Figure 2. (a) TEM image of MoS,@oleylamine (30 min at 360 °C); (b) magnified detail of free-standing single nanosheets obtained; (c) TEM image of
free-standing multilayer MoS,@oleylamine nanosheets (90 min at 360 °C); (d) magnified detail of (002 family lattice planes with d = 6.5 A; on the right
side (up) XRD of MoS,@oleylamine single sheets, and (down) XRD of MoS,@oleylamine few assembled nanosheets. See the very low intensity of the

¢ axis peak. (ICDD reference card 17—0744).
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Figure 3. (a) TEM image of free-standing single nanosheets of WS,@oleylamine (30 min at 360 °C); (b) magnified detail of single sheets, see (101)
lattice planes with d = 2.6 A; (c) TEM image of free-standing multilayer WS,@oleylamine nanosheets (90 min at 360 °C); (d) magnified detail for d
space of (002) family lattice planes with d = 6.5 A; on the right side (up) XRD WS, @oleylamine single sheets, and (down) XRD of WS, @oleylamine few
assembled nanosheets. See the very low intensity of the ¢ axis peak. (ICDD reference card 08—0237).

Figure 4. FE-SEM images of MoS,@oleylamine and WS,@oleylamine
after washing.

3. RESULTS AND DISCUSSION

The reaction products were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), field emission
scanning electron microscopy (FESEM), X-ray photoelectron
spectroscopy (XPS), attenuated total reflection FT- infrared
spectroscopy (ATR) FT-IR, thermogravimetric analysis coupled
with mass spectrometry (TG-MS), and dynamic light scattering
(DLS) for particle size distribution (PSD).

Typical XRD patterns of samples obtained at 360 °C with
different reaction times (30 and 90 min), starting from molyb-
denum or tungsten thiosulphate as precursors, are respectively
reported in Figures 2 and 3 (right sides). For the two different
reaction times, it is possible to assign the reflection peaks of the
family lattices planes (101), (103), (110) for MoS, @oleylamine
systems (Figure 2) and the reflection peaks of the family lattices
planes (101), (103), (008) for WS,@oleylamine.

For both systems, a peak with a very low intensity, corres-
ponding to (002) reflection of the ¢ axis (d = 6.8 A) was ob-
served only in the XRD patterns of samples obtained after 90 min

of reaction. The (002) peak was completely absent in the XRD
of samples obtained after only 30 min of reaction. These results
strongly suggest the predominant formation of single layer-
MS,@oleylamine">® after 30 min and of materials constituted
by a few layers of units assembled by van der Waals interactions
after 90 min of reaction."

The TEM images confirm the result of XRD analysis and the
hypothesis of a reaction time depending on the formation of
single or multilayer nanosheets. In Figures 2 and 3, TEM images
of MoS,@oleylamine and WS2@oleylamine obtained after dif-
ferent reaction times are reported. In panels (a) and (b) of
Figure 2, single nanosheets of MoS,@oleylamine (30 min reac-
tion time) are clearly visible, while in the case of MoS,@oley-
lamine (90 min reaction time), assemblies of a few layers are ob-
served (Figure 2c,d). They have d space (002) of 6.5 A £ 1, in
good agreement with the value of 6.8 A given by XRD analysis.

The same behavior was observed in the case of WS,@oleyla-
mine. In panel (a) of Figure 3, typical TEM images of WS,@
oleylamine (30 min at 360 °C) free-standing nanosheets are re-
ported. The absence of the assembled sheet unit is clearly visible;
moreover in the magnified detail (Figure 3b), the (101) family
lattice planes with d = 2.6 A are visible. On the other hand, after
90 min of reaction, the TEM images acquired on the WS,@
oleylamine sample show free-standing multilayer nanosheets
(Figure 3c,d), and in the magnified detail, there is evidence of
the presence of (002) family lattice planes with d = 6.5 A.

FE-SEM images of MoS,@oleylamine (30 min) and WS,@
oleylamine (90 min) samples acquired after the washing treat-
ment are reported in Figure 4. The morphology of both samples
is consistent with the presence of little aggregates of average size
around 100 nm.

The hydrodynamic diameters of nanosheets in solution were
determined by DLS. The DLS technique measures Brownian
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Figure S. PSD of MoS,@oleylamine (30 min) and WS,@oleylamine
(90 min) nanosheets as determined by DLS technique.
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Figure 6. (a) TG-DTG-DSC of MoS,@oleylamine nanosheets and
(b) relevant total ion current signals; (c) TG-DTG of WS,@oleylamine
samples before and after washing.

motion (the random movement of particles due to the bom-
bardment by the solvent molecules that surround them) and
relates this to the size of the particles. The size of a particle is cal-
culated from the translational diffusion coeflicient by using the
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Figure 7. XPS wide spectra of MoS,@oleylamine and WS,@oleyla-
mine systems. For both samples, only signals arising from metal
chalcogenides and oleylamine coating were detected; no other impu-
rities were observed. The Si signals are due to the support used for the
samples.

Stokes—Einstein equation

kT

4(H) 3anD

where d(H) = hydrodynamic diameter, D = translational diffu-
sion coeflicient, k = Boltzmann’s constant, T = absolute tem-
perature, and 7] = viscosity.

The diameter that is measured in DLS is a value that refers to
how a particle diffuses within a fluid so it is referred to as a
hydrodynamic diameter (the diameter of a sphere that has the
same translational diffusion coefficient of the particle).

The hydrodynamic diameters of nanosheets in solution,
as determined by DLS, are in the range of 70—110 nm for
MoS,@oleylamine (30 min) centered at 94 nm and in the of
range 70—170 nm centered at 107 nm for the longer time
synthesized WS,@oleylamine (90 min) (Figure S). These results
are consistent with the SEM observation (Figure 4) showing the
samples constituted of quasi-spherical suprastructures contain-
ing nanosheets (see the TEM images in Figures 2 and 3). For
both systems, the size distribution ranges become a little larger
and shift to higher average sizes for the 90 min synthesized
samples with respect to those of the 30 min ones.

24—26
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The thermal conversion of MS,@oleylamine (M=Mo, W) in
air flow occurred in three main weight loss steps (Figure 6a). The
first one is due to sulfur impurities, oxidized during the TG
measurements in air flow to SO, (see the SO, profile in the same
temperature range of the weight loss). The second one corre-
sponds to the physisorbed oleylamine decomposition starting at
370 °C (as clearly indicated by the corresponding total ion
current (TIC) of the most intense mass fragments peaks: m/z =
30, 41, 5SS, 67; Figure 7b), and the last one (onset at 480 °C)

Mo 3d,, I

WY 4fsp

Mo 3dg, /

235 230 225 45 40 35 30
BE.EY BE v
MoS,@oleylamine WS, @oleylamine

Figure 8. Mo3d XPS spectrum of MoS,@oleylamine (left) and W4f
XPS spectrum of WS,@oleylamine nanosheets (right).

Table 1. B.E. of Elements in MS,@oleylamine (M=W, Mo)

corresponds to the oxidation of the MoS,@oleylamine system
with exothermal (see the DSC profile in Figure 6a) release of SO,
(m/s = 64) and CO, (m/s = 44). The thermal decomposition
of the chemisorbed oleylamine, with the onset point at about
530 °C, is visible, too. It is worthwhile that the oleylamine coating
has a strong effect on the thermal behavior of MoS, as a main
result of the interaction with it: the typical starting oxidation
temperature of the molybdenum sulphide was upshifted from
360 °C*"*® to about 475 °C, at which begins the conversion of
MoS, to MoO3 and the release of gaseous SO, (see Figure 6b), as
reported previously.”® In panel (c) of Figure 6 the typical TG-
DTG profiles of raw and washed WS, @oleylamine are shown.
The significant reduction of the intensity of DTG peaks for the
washed samples (Figure 6¢c) is a consequence of the release of
sulfur as SO, under the first weight loss and of the oleylamine
excess removed by washing.

The surface chemistry of Mo and W sulphide was investigated
by XPS. For both materials, the wide XPS spectra show only
signals arising from metal chalcogenides and oleylamine coating,
no other impurities being detected (Figure 7) . The Mo3d XPS
spectrum of MoS,@oleylamine, reported in Figure 8 (left side),
shows two strong peaks at 229.3 and 232.5 eV, respectively,
attributed to the doublet Mo3ds/, and Mo3d;,,. The peak at
226.6 eV can be indexed as S2s. These bindin§ energies (B.E.)
correspond to the expected values for MoS,.>**° The presence of
other compounds such as Mo,Ss, MoS3, or MoO3, characterized
by 3d signals at higher B.E., can be excluded.””**

MoS,@oleylamine Mo3d Mo3d S2) S2)
O v " Pz P The B.E. of SZ;) (Table 1) are consistent with spin orbit S2p; ,—
B.E. (eV) 2293 2325 162.0 163.1 2py), of $2.27* In the XPS spectrum of the W4f doublet
for WS,@oleylamine (Figure 7, right side), the binding energies
WS,@oleylami WAL Wi, 3 S2, S2, ’ ’
oo = 32 bar2 b2 of W4f,,, and W4fs/, and S2p;/, (see Table 1) are in §ood
B.E. (eV) 324 34.5 162,2 163.2 agreement with the values reported for tungsten disulfide. =33
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Figure 9. (ATR)FT-IR spectra of pure oleylamine, MoS,@oleylamine, and WS,@ oleylamine.
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No signal of WA4f arising from WO; species was detected.*
The S/Mo atomic ratio, as evaluated from XPS spectra, is 2.4 for
MoS,@oleylamine, and the S/W ratio is 2.2 for WS,@oleylamine.
These results could be due to a process of dangling bond
passivation at the edges of the nanoplatelets by additional
S atoms, as reported in the literature for analogous systems.>
The higher value of the S/M ratio found for MoS, (30 min) with
respect to that of WS, (90 min) is likely due to, in the first case, the
presence of free-standing single sheets and to blocks of few sheets
in the second case.

To investigate whether the surface of the nanosheets was
capped with oleylamine, the (ATR) FT-IR spectra were acquired.
The spectra of pure oleylamine, MoS,@oleylamine, and WS,@-
oleylamine are reported in Figure 9. The spectrum of oleylamine
shows the characteristic peaks of the oleic group in the 2850—
3000 cm ™! region, the ¥ (C=C) stretch mode at 1647 cm ', and
the peak at 1468 cm ™" due to the (C—H) bending mode. In addi-
tion, there are characteristic signals of the amine group: the peak
at 3319 cm ™' due to the v (N—H) stretching mode of the
primary amine, the peak at 1560 cm ™' due to the —NH, scis-
soring mode, and the peak due to the —NH, bending mode at
968 cm ™ '.*® In the IR spectra of MS, nanocrystals, the presence
of the oleylamine as a capping agent on the surface is confirmed
by the peak characteristics of the oleic group in the 2850—
3000 cm ! region, the ¥ (C=C) stretch mode at 1647 ecm ', and
the peak at 1468 cm ™' due to the (C—H) bending mode.*’
Although the presence of the amino group is indicated by the
—NH, bending mode at 968 cm ™ ',*® the signals of the free pri-
mary amine group at 3319 cm ™' due to the v (N—H) stretching
mode seem to be absent in the spectra of hybrid chalcogenides,
while the peak at 1560 cm ™' due to the —NH, scissoring mode is
significantly reduced. This phenomenon was observed also for
other kinds of nanoparticles successfully capped by oleylamine.**

4. CONCLUSION

We have developed a unique, simple, and versatile one-pot
synthetic route for the production of high-quality 2D nanosheet
crystals of MoS, and WS, with a modular number of nanolayers
for units. The crystals are covered by a protective coating of
oleylamine that stabilizes the suspension, avoids aggregation and
oxidation phenomena, and could be easily functionalized. More-
over, this novel wet chemistry approach can be easily scaled up
for industrial production. Fuctionalization of organic coatings
and synthesis of mixed chalcogenides are in progress.
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