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ABSTRACT. Thin sheets and MoS, nanoparticles have been obtained by exfoliation/fragmentation processes via intense
ultrasound cavitation in isopropyl alcohol (IPA). The formation mechanism, the structure, (in terms of size, presence of defects,
lattice periodicity) and the optical and vibrational properties of the obtained materials have been investigated by means of Atomic
Force (AFM), High Resolution Transmission Electron (HRTEM) Microscopies, UV-vis-NIR (UV-visible Near Infrared) and DRIFT
(Diffuse Reflectance Infrared Fourier Transform) spectroscopies. FFT (Fast-Fourier Transform) analyses of HRTEM images have
provided a simple and powerful tool to better evidentiate defective situations on extended and regular regions of exfoliated MoS,
nanosheets with large lateral dimensions. The transparent ultracentrifuged portion of MoS, in IPA is characterized by size and height
distributions peaking at about 6 and 1,5 nm respectively, a fact which is indicative of very high fragmentation and very reduced
staking. The evolution of the UV-Vis-NIR and DRIFT spectra upon increasing sonication time and ultracentrifugation give
unprecedented information on the optical properties of nanoparticles, on the vibrational properties of surface species and on the
lattice modes of virgin and fragmented material. It is also demonstrated that the extensive layers fragmentation due to the cavitation
field is associated with rupture of MoSMo bonds and subsequent exposure of coordinatively and chemically unsaturated Mo and S
species. These chemically unsaturated species readily react with the IPA solvent and with atmospheric oxygen with the predominant
formation of surface hydroxyl, alkyl and to a lesser extent, oxidized species like sulphate and carbonylic and carboxylate groups. It is
so concluded that the edges formed by layers breaking in the IPA solution are fully functionalized. This spectroscopic study is made
possible by the complete absence of adsorbed IPA, which being a low boiling solvent, can be easily removed from MoS; and do not
interfere in the DRIFT measurements. The transparent fraction containing the fragmented particles can be used for blending MoS,
nanoparticles with high surface area materials. This process is favoured by the volatile character of IPA, which can be easily removed
from the ultrasonicated material. This makes the proposed method fully suitable to prepare MoS,-based hybrid composite materials

by simple impregnation of high surface area supports.



1. Introduction.

In the last few years, the interest in exploration of layered materials has paved the way to the synthesis and
characterization of graphene, graphene-like materials and their composites.'> Among all transition metal
dichalcogenide semiconductors, MoS, has attracted a huge interest because of its electronic, optical and
catalytic properties,”'® as well as for its possible applications in many fields (dry lubrification,
nanoelectronics, electrode materials for Li-ion batteries, photovoltaic cells, membranes, photocatalysts,
catalysts for hydrodesulfurization, hydrogen evolution and oxygen-reduction).''” Depending on the
application fields, two main structures can be considered: regular and large-area MoS, monolayers, with

unique electronic and optical properties®®*

and small clusters, quantum dots or “patches” (often defective)
made by few-layer MoS, of reduced size, which can have enhanced photoluminescence, catalytic,
photocatalytic and electrochemical efficiencies.””> *** It is known that, moving from bulk to large area
mono-layers to nanoparticles, strong quantum size effects are occurring, which alter the optical properties. In
more detail, a three-dimensional confinement of the carriers produces larger energy shifts of the excitons
peaks than those due to the one-dimensional (perpendicular to the layer planes) confinement. Such effects
are explained with a large increase in the spin-orbit splittings at the top of the valence band at the K and M
points of the Brillouin zone with decreasing cluster size, as well as with changes in the hybridization degree
of the orbitals, which make up the states at these points.’® Therefore, when the clusters size becomes smaller
than that of the bulk excitons, we move from band (solid-like) to discrete levels (molecule-like) spectra.

By decreasing also the crystals thickness to a single monolayer, the nature of the band gap also changes
from indirect to direct, which accounts for a giant enhancement (about 10%) of the photoluminescence. This
suggests that, by tailoring the band gap, the material may be optimized for photocatalytic and photovoltaic
applications.”” Therefore, in order to fabricate high quality layered structures or differently sized clusters, the

size control becomes remarkably significant. Mono or few-layers MoS, can be obtained by bottom-up

growth methods, including wet chemical synthesis (hydrothermal reactions),” chemical vapour deposition,**
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or more frequently by top-down approaches (exfoliation) including mechanica chemical (forced

15, 44-47

hydration of Li-intercalated MoS,) or solution methods.”® ***° The extent of the exfoliation/cleavage

processes via acoustic cavitation, together with mechanical and chemical activation (i.e. hot-spot process), is



depending on numerous parameters, especially on the structure, on the nature and type of the solid matter
(i.e. crystalline, nanotube, etc.) and on the used solvent, as well as on the ultrasound frequency, power,
intensity and sonication times.”'™ It is well known, that the solvent is affecting the exfoliation process
(MoS,, graphene) in terms of surface tension and Hansen solubility parameters (0p ~ 17-19 MPa”, 8p ~6-12
MPa”, &y ~ 4.5-8.5 MPa™).** >*** For instance, stable dispersions of a large population of mono- or few-
layers MoS, nanosheets can be generated by adopting appropriate Hansen solubility parameters and a surface
tension of ~ 40 mJ/m”>. Among the many solvents, including binary solvents or binary solvent-surfactant
mixtures, N-methyl-pyrrolidone (NMP), N-vinylpyrrolidinone (NVP), cyclohexylpyrrolidinone (CHP),
dimethylformamide (DMF), are usually employed.** *#-0-33-33-3

In general terms the best solvents for MoS, exfoliation and stable formation of colloidal suspensions have
high boiling points. However, when the scope of exfoliation is the deposition of colloidal particles onto the
supports to generate films or supported MoS,-based catalysts, the difficulty of removing the high boiling
solvents can be a problem. On the contrary, the use of low boiling point solvents or solvent mixtures offers
some advantages including low cost and easy removal. Kai-Ge Zhou et al.”* have demonstrated that ethyl
alcohol/water mixtures are efficient and volatile solvents for a good dispersion of MoS, under sonication.

Generally, a mixture of exfoliated MoS, nanosheets with large lateral dimensions, together with
nanoparticles few nanometers in sizes, can be obtained via ultrasonication. > *>*® In fact, the dispersion of
layered materials under sonication, which is a highly energetic process, consists of two phenomena.

The first one is the separation of solid into single layer or few layers platelets, where Hansen solubility is
playing a dominant role. In principle, with this method single layers of unlimited extension could be
obtained. The second phenomenon is the fragmentation of the platelets, which is necessarily associated with
the breaking of the MoSMo bridges. The occurrence of this phenomenon is limiting the extension of the
platelets up to the point that MoS, dots can be potentially generated.

As the breaking of MoS bonds leads to the formation of chemically unsaturated species, the fragments
react necessarily with the solvent or with oxygen or both. The terminations of the particles are consequently
carrying chemical groups formed during sonication, which in turn play a role in the stabilization of the
fragments. Of course the smaller are the particles the larger is the role of edges functionalization. It is

expected that the stoichiometric composition of the smallest fragments (dots) formed in solution can be



distinctly different from that of pure MoS,. This is probably the reason why the MoS, dots prepared by
means of bottom up methods in presence of sulfur are not stoichiometric and have a Mo/S ratio near to 2.5.”
To our knowledge, the role of the solvent structure and of the functionalization on the fragmentation caused
by sonication has not received a specific attention.

In this work, the effects of the ultrasonication in isopropyl alcohol (green, low boiling point and “poor”
solvent, i.e. low specific Hansen solubility)54 of stoichiometric MoS, particles is discussed, with the aim to
highlight whether the fragmentation of MoS, into small nanoclusters/quantum dots is prevailing, rather than
the simple exfoliation (typically occurring in good exfoliation solvent). When the results are compared with
those obtained with N-methylpyrrolidone (NMP) (results not discussed in detail for the sake of brevity) we
have observed by AFM (Atomic Force Microscopy) and HRTEM (High Resolution Transmission Electron
Microscopy) that IPA gives good dispersion and so it makes easy the blending of MoS, particles with other
materials to give hybrid nanocomposites, which is the ultimate application we are interested in.

In general, it is known that the UV-visible spectra can give relevant information on the nature of the
obtained materials (bulk, exfoliated nanosheets or clusters). In particular, it is known that, for exfoliated
MoS, nanoparticles (nanosheets or clusters) in different solvents, all bands are shifted to shorter wavelengths
as compared to those of bulk MoS,.” *° Therefore, in this study the optical properties of the solutions
obtained after increasing sonication time and ultracentrifugation have been studied by means of UV-vis-NIR
(UV-visible Near Infrared). Furthermore, as the nature of chemical groups at the particle terminations
induced by sonication is another aim of this study, DRIFT (Diffuse Reflectance Infrared Fourier Transform
spectroscopy) has been applied. It will be shown that this spectroscopy has great and unexpected
potentialities not only in the determination of the vibrational properties of surface species, but also on the
characterization of the MoS, vibrational models. To investigate the presence of the surface groups, the use of
a low boiling solvent, which can be easily removed from the surface, facilitates the investigation because
physically adsorbed species are easily removed and do not interfere (unlike solvents characterized by high

boiling point).

2. Experimental Methods.



MoS, powders (Aldrich) with average particle sizes of ~6 um were dispersed in isopropyl alcohol (IPA) (2
mg/10 ml) and the dispersion was sonicated at 20KHz for 6 hours by a VCX 500 Sonics Vibracell ultrasonic
processor (power S00W) equipped with a Ti alloy tapered microtip (d= 3mm, 30% amplitude). A great
intensity of cavitation with a concentrated field can be obtained by the small diameter horn in the restricted
volume of the solution, which has been placed in an ice bath to control the temperature during the whole
sonication step (6h). The obtained dark-gray and turbid solutions were then centrifuged (30 minutes, 4000
rpm), thus causing the heavy MoS, particles to precipitate at the bottom of the centrifuge tube, while the
supernatant liquid varies from a clear/transparent yellowish (top) to a more opaque color (middle-down). The
“transparent” and “opaque” solutions have been placed, immediately after the centrifugation, inside 10 mm
thick quartz cuvettes and have been monitored immediately.

After gently ultrasonication of MoS, flakes in a standard bath sonicator able to separate the particles, a
MoS; film was directly deposited on an optical quartz window, to be used as a reference.

The optical properties of the dispersed solutions have been investigated at room temperature by using a
double beam UV-vis-NIR spectrophotometer (Varian Cary UV 5000) operating in the wavelength range of
190-2500 nm and the spectra of the solution have been recorded in transmission mode.

FTIR spectra were collected in air, with a Nicolet 6700 spectrophotometer, equipped with a DRIFT Smart
Accessory and a MCT detector. DRIFT spectra were recorded for sonicated, non-centrifuged MoS, samples.
Each spectrum was collected by using 128 scans at a resolution of 4 cm™. The reflectance spectra were
converted in Kubelka-Munk units. Samples were preventively dried in air at 100°C for 15 h to remove
physisorbed isopropanol and the spectra were instantly recorded to avoid the adsorption of undesired
molecules.

Morphologies and structures of the MoS, nanoparticles have been investigated by means of: a) Atomic
Force Microscopy (AFM, Park Systems XE-100) operating in intermittent contact mode and Transmission
Electron Microscopy (TEM, JEOL 3010-UHR instrument operating at 300 kV with a point-to point
resolution of 0.12 nm and equipped with a 2kx2k pixels Gatan US1000 CCD camera). Due to the strong
tendency to aggregate/restack upon deposition, samples for AFM and TEM measurements were first diluted

with additional isopropyl alcohol and then the solution dropped on freshly cleaved mica and on copper grids



covered with a lacey carbon film, respectively. Sizes and structures of the crystallographic planes of the

MoS, particles have been obtained by analyzing more than 250 particles in all systems.

3. Results and Discussion.

3.1 The exfoliation and fragmentation process as studied by HRTEM: from the native to the sonicated
material extracted from the bottom of the ultracentrifuged solution.

The effect of a great intensity ultrasound cavitation in isopropyl alcohol has been investigated by HRTEM.

Native MoS,; flakes have dimensions in the 0.5+5 pm range along the plane and are about 100 nm in

thickness (arrows in Figure 1a).

Figure 1. SEM image of native MoS, microflakes (a); HRTEM images of defective MoS; nanosheets after
sonication (b); IFFT filtered image of the selected region in 1) (c); FFT images of the (2) and (3) selected
regions (d and e) The white arrows indicate fractured (1, 2) or exfoliated regions (3) of nanosheets. The
bright color of ¢) corresponds to the masked spots belonging to (002) interplanar distance of MoS,, while the

darker areas indicate the more defective regions.



The larger and thicker MoS, flakes extracted from the bottom of the supernatant solution are TEM imaged
in Figure 1b. With respect to the native material, these multilayer flakes have size greatly reduced (from 0.5-
5 pm to 60-250 nm). Also the average thickness is smaller (from about 100 to 10-30 nm). These results
indicate that the particles extracted from the bottom of the solution, although having multilayer nature, are
the result of a simultaneous exfoliation and fragmentation process. In other words, it is concluded that
sonication in IPA, unlike higher boiling solvents cited above, is not solely favouring exfoliation. The
structure of the fragments shown in Figure 1 merits a specific analysis because it gives information about the

exfoliation/fragmentation mechanism. Three different regions have been selected:

1- border regions of a defective MoS; particle with locally interrupted fridges;
2- few-layer stacked ( =5-6L) MoS; regions, 10 nm in size;

3- exfoliated and extended few-layer MoS, nanoplatelets.

More details about the (1) selected region, are shown in the color IFFT (Inverse Fast-Fourier Transform)
filtered images (Figure 1c and Figure S3 Supporting Information, the color scale being here arbitrary). It
results that, the dark regions are corresponding to the same observed from TEM image, with locally
interrupted fringes. More information on the (2) smaller domains about 10 nm thick (medium red color) and
on the (3) elongated regions are obtained from FFT (Fast-Fourier Transform) patterns shown in Figure 1d
and le. The observed asymmetry of the reciprocal lattice points, is explained with a different confinement of
the thin samples: few-layer MoS, nanoclusters (2) and more exfoliated and extended MoS, nanoplatelets (3).

The distinctive features observed in both electron beam diffraction patterns can then be used as a method
for identifying single - multi layers or clusters — extended layers.

On the basis of the before discussed results, we can conclude that an intense cavitation field in isopropyl
alcohol causes: i) a reduction of the layers number (exfoliation) due the breaking of the interactions between
the planes of MoS, flakes, ii) a remarkable fragmentation perpendicularly to basal planes, thus breaking the
Mo-S bonds and then promoting the occurrence of defective edges as well (vide infra); iii) the formation of

numerous defects, which are interrupting the crystallographic symmetry.



3.2 Morphology and structure of the MoS, nanoparticles extracted from the transparent and opaque
regions of the ultracentrifuged solution.
Mixtures of MoS, nanosheets/nanoparticles from the transparent and opaque fractions are TEM imaged in

Figure 2a and 2c respectively.
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Figure 2. TEM (a, c), amplitude-signal AFM (b, d) images of the MoS, nanoparticles obtained from
the*“transparent” and from of the “opaque” fractions, respectively. White circles in a) and c) illustrate the
smaller MoS; nanoparticles. Size distributions of the MoS, nanoparticles are shown in the inserts of a) and c)

TEM images, while the height distributions are shown in the insert of b) and d) AFM images.

In Figure 2a, the majority of MoS; nanosheets (transparent fraction) has lateral sizes ranging in the 3-11
nm interval (small particles in circles in Figure 2a), with a small contribution of larger slabs about 25-40 nm
in size (very thin platelets). Such distribution is illustrated in the histogram, (insert in Figure 2a). Most of the
smallest particles are supported on larger platelets. This could be associated with particle agglomeration

during solvent evaporation. Of course the large particles, although smaller in number, are likely dominating



in term of weight %. It will be shown that this fact has important consequences on the UV-Vis-NIR
spectrum. In Figure 2c (opaque fraction), beside the high contribution of larger MoS; sheets, small slabs
having size distributions with maxima in the 5-15 nm range are observed (histogram in the insert of Figure
2¢). These results show that even the bad isopropyl alcohol solvent is efficient in exfoliation and
fragmentation under sonication. While TEM images are mostly indicative of the particle size distribution,
nothing can be inferred on the layer number of the particles at the adopted resolution. However, as the
thickness of thin MoS, slabs can be usually obtained by atomic force microscopy (AFM),*"?* 335 AFM
images of particles deposited on mica from transparent and opaque solutions have been obtained. The height
distributions of the MoS, nanosheets are shown in Figure 2b and 2d. MoS; nanosheets coming from the
transparent fraction show a weight distribution centred between 1 and 3 layers (insert in Figure 2b).
Conversely, MoS; nanosheets coming from the opaque fraction show a weight distribution centred between 3
and 10 layers (insert in Figure 2d). Notice that the lateral sizes obtained by AFM are overestimated. In fact
the tip radius is about 10 nm, which is a value of the same order of magnitude of the features under
estimation.

It is likely appropriate at this point to ask whether particles with size smaller than 1.5 nm and escaping
TEM and SEM detection, are present after sonication. As particles with such small size should have optical
properties approaching those of quantum dots, a discussion on this point is postponed to the paragraph where
the optical properties are more specifically discussed.

More details on the structure of the particles, which are the main fraction of MoS, in transparent solutions,

can be obtained with high resolution transmission microscopy (Figure 3ac).



Figure 3. HRTEM images of MoS; nanosheets coming from the “transparent” (a, b, ¢) and from the
“opaque” (d, e, f) fractions of the sonicated/centrifuged solutions. In Figure (a, b and c) very thin, two layers
and monolayer MoS, nanosheets are shown. In Figure (d, e and f) large/thick and defective two/three layers
thick MoS, nanosheets are illustrated. The dotted line in c¢) and in f) indicate small MoS, slabs, which are

FFT imaged in the inserts therein.

From these figures, some thin slabs 3-10 nm in sizes (circles in Figure 3a), a single nanosheets two layers
thick (about 8 nm in length) (Figure 3b) and a MoS, monolayer with irregular shape exposing lattice fringes
0.27 nm spaced, corresponding to (100) planes (Figure 3c) are HRTEM imaged.

A hexagonal symmetry of the MoS, is in agreement with the arrangement and spacing of the bright spots
in the Fast Fourier Transform (FFT) image (insert of Figure 3c).”’” HRTEM images of MoS, nanosheets,
coming from opaque solutions are illustrated in Figure 3d-f). Notice that more thick and elongated layers can
be observed. In particular a relatively thick (~20nm) MoS, lamina, more than 100 nm in length, shows
irregular terminations (Figure 3d). In fact, besides a first FFT image (bottom left insert) showing two bright
spots, which are associated with 0.65 nm regularly spaced (002) planes, from the second FFT image (top-
right insert), an additional and “unusual” couple of bright spots, 1.2 nm spaced, is observed due to more

distant planes. Within the heterogeneity of our sample, smaller (5-10 nm) and even defective two/three layers



thick MoS, slabs, exposing (002) planes, are HRTEM imaged in Figure 3e,f. From Figure 3f (and insert
therein) an irregularly shaped MoS, nanosheet, exposing {100} and {2-10} lattice fringes, 0.27 nm and 0.16
nm, respectively spaced, is oriented along the [001] zone axis, corresponding to the basal plane. Bright spots
(on FFT image), associated with the {100} and {2-10} plane families, are confirming the hexagonal MoS,
structure.”’

In conclusion, from TEM images, it comes that MoS, nanosheets expose predominantly basal planes.
Moreover, the low contrast of the images could be roughly indicative of the presence of “thin” MoS,

nanosheets (either single or few stacked layers).

3.3 Lattice structures of mono and multilayers MoS;.
One and multi-layers MoS, nanosheets with periodic lattices can be observed along the quite continuous
and extended (tens of nm) film covering the copper grids (1L- MoS,in Figure 4 and MLs- MoS, in Figure S1

- Supporting Information).

Figure 4. HRTEM image of a MoS;single layer, extending over the lacey-carbon grid region (a); non-
filtered (b) and IFFT-filtered atomic resolution selected area (c) of a portion of Figure (a); atomic spacing
along the selected direction of the basal plane, as calculated for a MoS, single layer (d). In the insert of c),

cell parameters calculated from the IFFT-filtered atomic resolution area are shown.



As far as the particle imaged on Figure 4 is concerned, the first-order diffraction spots of the FFT image
(insert of Figure 4a) on a selected area are shown according to a regular hexagonal symmetry, thus indicating
the presence of individual sheets made of single crystal domains, without fold-stacked regions (i.e. Moiré
patterns).* Moreover HRTEM images of the selected area in a) before and after FFT filtering are shown in
Figure 4b,c. From the IFFT filtered image (Figure 4c), showing a regular honeycomb pattern, due to the
atomic arrangements of Mo and S atoms (identified by difference in their contrast)," the in-the-plane lattice
constants of MoS, have been determined to be ~0.31 nm and ~0.54 nm, respectively. In Figure 4d, the
calculated profile along the selected direction in Figure 4c is drawn. The 0.31 value is very close to that
observed for exfoliated single-layer MoS,,”® whereas values about 0.315-0.32 nm have been found for bulk
MoS,.” Thus, no remarkable differences in the lattice parameters are expected for single, double and
multilayer MoS; flakes. It is noteworthy that, by adopting suitable tilting operations, the layer number can
also be revealed."' The FFT filtered image of 15x15nm areas (or 20x20nm) (Figure S2, Supporting
Information) shows the presence of ripples (or isotropic corrugations, about 6-10 A in height) with sizes of
6-10 nm along the plane of the nanosheets, thus indicating the presence of single layer MoS, (more flexible)
with respect to MLs, which are significantly more flatten (i.e. in focus)." From comparison of the diffraction
patters of mono and multilayers, the presence of reciprocal lattice rods, associated with each reciprocal
lattice point is observed in case of 1L- MoS, (Figure S2, Supporting Information). The rods are more
extended for the thinner samples than for the thicker ones, making it difficult to obey the Bragg condition
when the samples are tilted. Bright spots, which are associated with the six-fold symmetry, but with different

peculiar intensities, are obtained, in presence of ML- MoS, systems.11

3.5 UV-vis spectroscopy.

In Figure 5, the UV-visible spectra of the three liquid fractions (a- highly diluted transparent, b- yellowish
clear/transparent and c- more opaque gray liquid) are compared to that of the MoS; film, used as a reference
(d) (absorptions at 679 nm, at 620 nm, at about 480 nm and at 399 nm). Curve (a) is the spectrum of 0.1 ml

of sonicated solution taken from the topmost layer of the ultracentrifugation cuvette diluted into a cuvette



containing 4 ml of pure IPA solvent. Due the high dilution, the absorbance has been multiplied by a factor of

45.
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Figure 5. UV-vis spectra of the high diluted “transparent” (a), “transparent” (b) and “opaque” (c) fractions
of sonicated MoS, in IPA, as compared to MoS, film dispersed on quartz used as a reference (d). Curve a) is
the spectrum of 0.1 ml of sonicated solution taken from the topmost layer of the ultracentrifugation cuvette
diluted into a cuvette containing 4 ml of pure IPA solvent. The spectrum has been magnified by a factor of

45.



On the basis of the literature data,*® it comes that the spectral features of the reference MoS, (d) in Figure
5) can be assigned as follows: 1) a first absorption threshold at about 700 nm due to a direct transition at the
K point; ii) two sharp peaks at 679 nm and at 620 nm on the high energy side of this threshold due to A and
B excitonic transitions, respectively, whose separation energy (about 59 nm) can be explained with spin-orbit
splitting of the top of the valence band at the K point;’” ®®* iii) a second threshold, at about 500 nm, due to a
direct transition from the deep in the valence band to the conduction band; iv) excitonic transitions (C and D)
at 482 nm and at 399 nm, respectively, also associated with these threshold transitions; v) a third threshold at
about 350 nm due to transitions from deep in the valence band.”’

Two couples of bands for the opaque fraction are observed at 674 nm and at 613 nm (narrow, A and B
excitons) and at 451 nm and at 410 nm (broad and intense envelope due to C and D excitonic transitions),
whereas for the transparent fraction, the same couples are observed at 672 nm and at 611 nm (narrow, A and
B excitons) and at about 449 nm and at 407 nm (C and D excitonic transitions). The situation emerging from
spectrum (a) is very similar even if the A and B bands are further upward shifted. Notice that the energy
values of the opaque fraction are in-between the film and the transparent fraction ones, but closer to the film
ones. More exactly, in comparison to the reference values (MoS, film), the energy values of A and B
excitons are only slightly upward shifted, whereas larger shifts are observed for C and D excitons, according
to the fact that quantum size effects are affecting C and D bands in more remarkable way.

Furthermore, it has been experimentally shown®’ that the separation of the A and B bands is not greatly
affected by the number of layers forming the (stoichiometric) MoS, particles. In fact, the position of the A
and B peaks of single layers and bilayers are not sensibly different from the bulk. Conversely, a remarkable
blue shift was obtained by some authors,”” attributed to the quantum size effect in very small MoS, particles,
behaving as quantum dots.

In conclusion, by comparing the spectra of the sonicated systems to that of the film, it is inferred that we
are in the presence of a very moderate quantum size effects, thus indicating that the major fraction of MoS,

particles does not reach a quantum dot state similar to that obtained by Wilcoxon et al.,”’

and that particles
with size lower than 1.5 nm are not produced by sonication in IPA. It must however be underlined that a

comparison between the results of this investigation and the results of ref 57, where a sensible quantum size



effect was observed, must be taken with caution because the stoichiometry of MoS, dots prepared by bottom

up method”’is about 1/2.5. i.e. a figure quite far from the 1/2 Mo/S stoichiometry.

3.5 The vibrational spectrum of MoS, and the effect of edges functionalization as investigated by DRIFT.
As mentioned before, sonication induces layers separation and breaking. The two processes, which are

occurring simultaneously, are schematically illustrated below (Scheme 1):

Scheme 1. Effects of the strong sonication of MoS, flakes dispersed in isopropyl alcohol: breaking

between basal planes (a) and great fragmentation of lamellae (b).

We have documented that, while the effect of layers separation on the physical properties of MoS, has
been widely investigated, the same is not true for layers fragmentation. We have so decided to investigate
this point by means of DRIFT spectroscopy. This study has been stimulated not only by the TEM results
illustrated before, but also by the contribution of Mauge et al.****, who have shown by FTIR that the surface
of MoS, particles and layers exposed to air are covered by various types of species, including sulphate
groups. Although the location of these species was not fully specified by the previously mentioned papers,
the involvement of the terminations, where the layers are broken and interrupted, is a probable explanation.

To investigate this problem the vibrational spectrum of MoS,, before and after sonication for increasing

time, has been investigated (Figure 6).
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Figure 6. DRIFT spectra of bulk MoS, dried at 100°C (a); MoS, sonicated for 6 hours in IPA and dried at
100°C (b); MoS, sonicated for 18 hours in IPA and dried at 100°C (c). Combination and overtones of
fundamental modes are indicated by ( | ). Spectrum d) has been obtained from the fraction extracted from the
topmost layer of the ultracentrifugation cuvette. Due to the small amount of material the absorbance has been

multiplied by 3.

The spectrum of virgin MoS, (Figure 6 curve a) is characterized by the vibrational manifestations of bulk
solid as testified by the narrow and strong band at 469 cm’’, which is the infrared active fundamental A,,
mode of MoSzés. The very numerous, narrow and weaker bands in the 500- 850 cm cm’! interval (509 cm’l,
573 cm™, 588 cm™, 603 cm™ 629 cm’, 665 cm™, 677 cm™, 705 cm™, 723 cm™, 764 cm™,779 cm™ and 822
cm’': indicated by |) merit a specific comment because they have never been reported in the literature and

because they contain information on the multilayer character of the flakes of the virgin sample. To make an



assignment of these combinations and overtones of fundamental modes we remind that the vibrational
representation of active modes in bulk and monolayers MoS, are as follows %",

['(bulk MoS,) = Ay, (IR) + E1, (IR) + Aj, (R) + 2E5, (R) +E, (R)

I' (monolayer) =A”,(IR) + E IR + R) + A, (R) + E” (R)

The two IR modes of bulk MoS,, A,, (469.4 cm’ ) and Ey,, (391.2 cm'l) evolve into the IR-active A”,
(490.5 cm™) and E’ (402,7 cm™) of the monolayer representation, while the A, (R) (412 cm™) and Ei, (R)
(288.7 cm™) evolve into A’ (R) (423 cm™) and E” (R) (296 cm™). The E,, (R) interlayer mode is absent in
the I' (monolayer) representation. These representations and the associated frequencies are valid for perfect
crystals and perfect monolayers. In our case, due to the presence of a high concentration of defects and
terminations, which are destroying the symmetry, it is expected that the Raman active modes can show some
IR activity. It can be observed that the spectrum of the perfect monolayer is quite similar to that of the
perfect multilayer crystal, the only difference being the shift of the bands at higher frequency (+10-15 cm™)
and the absence of the interlayer mode at 35.2 cm™.°”®® The experimental spectra of Figure 6 (curves a-c)
shows an intense peak at 469 cm™ which is nearly coincident with the value reported by Cai et al. * for
perfect multilayer MoS; structures. From this, it is inferred that the in sonicated solution a consistent fraction
of multilayer particles is present in agreement with TEM and SEM observations.

Although many overtones and combination frequencies can be originated by the 469.4 cm™, 412 cm™, 391
cm'l, 288 cm’™ intralayer modes (for instance A+ Ay, Azt Ejy, Asu + Eig, 2 Eyy), the multitude of narrow
bands observed in the experimental DRIFT spectrum of the virgin material cannot be fully explained without
the intervention of the E,, (R) interlayer mode at 35.2 cm’. In other words the fine structure of the
vibrational spectrum in the 400-850 cm™ range is another signature of the multilayer structure of the
particles. As the fine spectroscopic structure is present also in the spectra of the samples after sonication, it is
once more inferred that a very consistent fraction of particles have multilayer structure. Their narrow
character is also showing that the responsible structures are relatively perfect. This result is in agreement
with the results shown in Figure 2, showing that the major fraction of particles is characterized by about 5
nm size and constituted by 3-10 layers, and that larger particles are also present, which can account for a

large weight percentage.



As the TEM image of Figure 2 shows clearly the presence of very small particles (both with single layer or
few layer character) the question arises about the expected vibrational manifestations of these structures.
Following Cai et al.”’ perfect and infinite single layers are characterized by frequencies about 15 cm™ upward
shifted. However, in the present case, we are in presence of truncated particles of variable size and shape.
Hence a consistent broadening is expected to be present in the associated vibrational transitions. In
particular, the fine structure due to overtones transitions should be absent.

That this is the case, it is demonstrated by the spectrum d), which has been obtained from the top most
layer of the ultracentifugated solution, where very small nanoparticles of variable size are expected to be
abundantly present. Indeed, in this spectrum the characteristic fine structure of perfect multilayered particles
is nearly completely absent. In the 850-450 cm™ range the bands are broad and ill defined in agreement with
the high size and thickness dispersion. Furthermore, as it will be discussed in the following, the spectrum of
MoS; nanoparticles is largely overshadowed by the modes of adsorbed species present at defects and
terminations. Following Maugg et al.”’ the very strong and very abroad absorption in the 1150-1000 cm™
range present in spectrum a) is mostly due to sulphate groups adsorbed on defect sites. This assignment
indicates that virgin MoS, from Aldrich contains adsorbed impurities, presumably formed by oxidation of the
surface and likely occurring at defect sites following the reaction:

(MoSMo + 2 O, - MoSOsMo)

Sonication for increasing times (curves b and c) has a strong effect on the DRIFT spectrum of MoS,. In
fact, the absorption in the 1150-1100 cm™ range, together with smaller components at lower frequencies,
increases, thus indicating that surface sulphate groups concentration is slightly increasing. A definitely
stronger increment is observed also for the broad absorption centred at 3250 cm™ (due to stretching modes of
-OH groups) and for bands in the 2960-2850 cm™ and 1460-1380 cm™ ranges (due to the stretching and
bending modes of -CH; and -CH, groups). A low intensity and broad band at about 1700 cm™ suggests that
also minor amounts of carboxylate and or carbonylic groups are also formed, plausibly by oxidation of alkyl
groups.

As expected, the surface groups manifestations become dominating in spectrum d) corresponding to the
smallest particles. In particular OH and alkyl vibrations become very intense and the signature of

carboxylate/carbonylic groups absorbing in the 1450-1750 range (presumably associated with incipient



oxidation of alkyl groups) distinctly show up. The same does not hold for the sulphate groups band, which
tend to decline.

Taken together these facts clearly demonstrate that sonication is accompanied by an increasing
functionalization of the surface. As we have demonstrated by TEM, SEM and UV-vis spectroscopy that
sonication is accompanied by extensive fragmentation, it can be inferred with confidence that these surface
species, are located at the termination of the MoS; layers, and behave as probes of layers fragmentation. A
plausible explanation of the abundant formation of hydroxyl and aliphatic groups and, to a less extent of
carboxylate/ carbonylic groups deriving from the previous ones by incipient oxidation, can be given on the
basis of the following series of reactions, which occurs at the positions, where the energetic cavitation

induces the breaking of the MoSMo bonds (Scheme 2).

a) 1] {_g’
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Scheme 2. Reactions, which may occur at the positions where the energetic cavitation induces the
breaking of the MoSMo bonds (a), with predominant formation of hydroxyl, aliphatic groups. Carboxylate,
carbonylic and sulphate species, particularly evident after prolonged treatment,are presumably deriving from

the alkyl groups by incipient oxidation.

The coordinatively and chemically unsaturated groups, which are formed on steps likely interdependent,

readily react with the solvent and with the oxygen of the atmosphere, so mainly causing the formation of



hydroxyl, alkyl groups described above. This process, when extended to small MoS, clusters containing a
large fraction of coordinatively unsaturated surface atoms, necessarily leads to extensive surface
functionalization. This means that very small MoS, clusters synthesized in solution cannot be considered as
having the 1Mo:2S stoichiometry, because other atoms like oxygen, carbon and hydrogen are necessarily
present in the same particle.

We underline that the reactions represented in the scheme have only indicative character, because other
processes can be present on MoS; submitted to the highly energetic cavitation conditions, as testified by the
formation of oxidized structures after prolonged sonication treatment. Furthermore, we cannot exclude that,
beside layer terminations, also the basal surfaces can be partially involved and functioned.

Of course, the number and type of surface groups will depend on the solvent and on the amount of oxygen
in the atmosphere. New efforts must be made to clarify all the aspects of the surface functionalization
accompanying the cavitation. When the clusters are synthesized in presence of excess sulfur following a
bottom up process (like made by Wilcoxon ef al.’’) the formation of non stoichiometric clusters containing

excess of sulfur (in the form of S-S,") is the necessary consequence.

4. Conclusions.

The sonication of MoS, dispersed in isopropyl alcohol has been adopted to obtain small and few-layer-
thick MoS, nanoparticles. By investigating the obtained particles with AFM, TEM and HRTEM, the
morphology, the structure in terms of lattice periodicity and formation mechanisms of nanosheets have
discussed. In particular, it is shown that an intense cavitation field, when carried out in a small volume with a
relatively poor solvent like isopropyl alcohol (IPA), makes possible to exfoliate and fragment thick flakes of
stacked MoS, with the prevailing formation of thin sheets and particles with small lateral sizes comprised in
a narrow interval (1.5-6 nm). This occurs via the great propagation of cracks perpendicular to basal planes.
Although the dispersion is not stable for long time due to restacking phenomena and then sedimentation, the
proposed method is suitable to prepare hybrid composite materials based on the simple impregnation of the
high surface area support with the MoS, dispersion. The evolution of the UV-Vis-NIR and DRIFT spectra
upon increasing sonication time and ultracentrifugation give unprecedented information on the optical

properties of nanoparticles and on the vibrational properties of surface species and of the lattice modes of



virgin and fragmented material. It is demonstrated that, due to the cavitation field, the fragmentation of
extensive layers leads to a rupture of MoSMo bonds and subsequent exposure of coordinatively and
chemically unsaturated Mo and S species. These unsaturated chemical species readily react with the IPA
solvent and to a less extent with atmospheric oxygen with the predominant formation of surface hydroxyl,
alkyl and, in a lower degree, oxidized species like carbonylic and carboxylate groups. It is so concluded that
the edges formed by layers breaking in the IPA solution are fully functionalized. The extensive
funtionalization associated with particle breaking, which is covering the surface of aliphatic groups can have
an indirect effect on particle solubility in IPA solvent and contribute to the whole colloid formation process.
The detailed study of DRIFT spectra has allowed not only to obtain unprecedented information on the
adsorbed species, but also on the vibrational modes of MoS, in the 400-850 cm’ range and on their
modification upon sonication. Finally the detailed analysis of the UV-Vis -NIR spectra has allowed to
conclude that : i) quantum size effects have only small influence on the excitons spectra of MoS; particles
with size larger than 1.5 nm; ii) the optical properties of MoS; particles prepared by sonication (top-down
approach) cannot be compared in a straightforward way with MoS, quantum dots prepared by bottom-up

approach in presence of excess sulfur.
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Supporting Information (SI)

Additional HRTEM images and lattice parameters of MLs MoS,, as obtained from the Inverse

Fourier Transform (IFFT), are shown in Figure S1.

Inverse Fourier-Filtered images of single layer (1L) and multilayers (MLs) MoS,, shown in Figure
S2 a and 2b, respectively, have been obtained by means of a mask in Fourier Transforms of images.
Remarkable variations of contrast (height differences) for 1L.-MoS; are obtained in a small length
scale (few nm), whereas smaller variation in height for MLs-MoS, are observed, because the planes
are more flatten along the selected region and the material is more rigid [Brivio, J., Alexander, D. T.

L.; Kis, A. Nano Letters 2011, 11, 5148].

HRTEM image of a defective MoS, nanoparticle after sonication and the obtained IFFT are shown in Figure
S3. From these figures, it comes that the FTT processing allows to better individuate the defective regions

indicated by the white arrows.
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Figure S2. IFFT-filtered images (15x15nm) of a single layer (a) and of a multilayer MoS,. (b).
Regions with different contrast in a) are illustrated. In the inserts the two native FTT images are
shown.

Figure S3. HRTEM image of a defective MoS; nanoparticle after sonication (a); white/black and
color-like IFTT images (b and c) of the selected region in a); the white arrows indicate defective
regions.



