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The Synthesis of MoS: Nanoparticles Using Ultrasonic Cavitation
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Using molybdenum carbony! and sulfur containing compounds, we have sonochemically synthesized material containing
sulfur and molybdenum that is a precursor to MoSz formation and which contains MoS; particles. This material is primarily
amorphous but can crystallize into MoSz particles when heated. When this is done in an oxygen free environment, the MoS2
formed has a stacking height relative to crystal length that is lower than MoS: particles synthesized by conventional methods.

The bent strand-like MoSz prepared by heating sonochemically produced Mo;C with sulfur has much higher hydrogenation
activity than vibrating milled MoSz , and with less hydrogen consumption as high an activity as in-situ pyrolysis product of

Mo(CO)s with sulfur:
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1. Introduction

MoSz has a layered - structure composed of alternating
molybdenum and sulfur layers and arystallizes in several
different forms. The structwe of MoS: influences its
properties, and there have been several investigations
synthesizing  nanocrystalline MoS:?. Recently several
nanostructured catalysts have been synthesized by taking
advantage of the high pressures and temperatures that can
be generated in cavitating bubbles?. It has been shown
that the dissociation of metal carbonyls with ultrasonic
cavitation is a useful route for producing amorphous metal.
With ultrasound, the synthesis of MozC from Mo(CO)6 has
been previously reported®. Using the same  method, we have
irradiated solutions of Mo(CO)s together with various  sulfur
containing compounds.

The object of our work is to investigate whether or not novel
forms of MoSz can be prepared in this manner and the
catalytic  activity using  hydrogemation of 1
methyinaphthalene (1-MN).

2. Experimental Method

Solutions of Mo(CO)ks and (CH9sS2, CSz or HsS in
tetradecane were irradiated with a Branson 450 sonifier
using a sound intensity between 25 and 356 Wicm2 The
solutions were degassed with argon or a 70% by volume
Ar/H2S mixture, Experiments were performed with 20 ml
solutions contained in a ce11 under a continuous flow of argon
Because the solubility of Mo(COk  was very low
{approximately 102 g/ml), an excess amount of Mo(CO)ks was
added to the solutions. This amount gradually dissolved as
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the Mo(COX reacted over the course of several hours. The
concentration of (CHeS2 or CS used in the experiments
was between 1 and 0.1 M. Irradiation of the solutions
generated particles which were then filtered and washed
with THF, In some cases the particles were separated from
the solvent by evaporating the solutions in a ceramic oven.
Another experiment was conducted to prepare MoS: by
heating sonochemically produced MoeC with sulfur.

The powder was examined with a JEOL JEM-2000FX11
transmission electron microscope and X-ray measurements
wexeobtajmdwithaPhﬂJips 1800 X-ray diffractometer
employing Cu Ko radiation. To measure the elemental
ocontent of the material, samples were pyrolized, reacted with
nitrogen or oxygen, and detected with a calibrated gas
chromatograph.

3. Resulis

When separated from the solution, the material
synthesized was always dark brown or black. The yield of
powder was roughly 0.1 g per hour of sonication time. As
shown below, features m the X-ray spectra of the
synthesized material showed a dependence on the starting
material. Heating -the powder also strongly affected the
crystallinity of the material

The X-ray spectrum of material formed by irradiating
solutions of Mo(CO) and HeS followed by filtering and
washing the product is shown in Fig, 1A. This spectrum
shows a main feature which consists of overlapped several
broad bands indicating the material is fairly amorphous, As
shown in Fig IB, a very broad feature is also present along
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Fig 1. X-ray spectrum of powder formed:

A by irradiating sohtions of Mo(CO)s and HaS followed
by filtering and washing the product. B) Same as A except
that (CHe)eSz is used instead of HaS. C) Same as A
except that CSz is used instead of HeS. D) Same as A
except that the product was also baked at 300°C under a
flow of argon for 1 hour. E) Same as B except that the
product was also baked at 300°C  under a flow of argon
for 1 hour F)X-ray spectrum of powder formed by
irradiating solutions of Mo(CO) and (CH2S: directly
followed by heating the product at 300 °C under a flow of
argon for 1 hour

with a sharper, low angle band in the X-ray spectrum of
material formed using solutions of Mo{CO) and (CHa:Se.
This spectrum is very similar to that exhibited by mixtures of
MoSz and MozSs formed from molybdate sohationsd. The
broad band is attributed to the presence of amorpbous
MozSs and the shamper band at low angles is caused by
reflections from the basal plane of MoSz. In our case the
sharper band is slightly shified towards low angle from the
expected position of the peak in the X-ray spectrum of pure
crystalline hexagonal MoS,. This may indicate that the layer
spacing of the MoS; in the synthesized material is slightly
larger than that of MoSz produced by conventional methods.

The X-ray diffraction spectrum of material formed from
solutions containing Mo(CO)% and CSz is shown in Fig. 1C.
This spectrum is different from that of material formed
using HaS or (CHaS; . The features at high angle( 20 = 40)
match the X'ray spectrum of Mo:C formed by irradiating
hydrocarbon solutions containing Mo(CO)s. The peak at
26=20 degrees may be due to MoC. Figs 1D and 1E show
the Xray spectrum of material formed by irradiating
Mo(CO)s solutions containing HzS and (CHy2Sz respectively
that was filtered and then heated at 300 °C under a flow of
argon for 1 hour As compared to Figures 1A and 1B, the
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Fig. 2. Weight percentage of molybdenum, sulfur, carbon,
oxygen and hydrogen in material formed by irradiating
solutions of Mo{CQJs and (CHa2Sz. A) Material that was
filtered and washed. B) Same as A except that the
material was baked at 300 °C under a flow of argon for 1
hour C)Material that was baked at 300°C under a flow
of argon for | hour without exposure to oxygen.

application of heat has a strong effoct on the crystal
structure of the synthesized material. Several features in the
spectra shown in Fig. 1D and 1E are similar to that of a very
broadened band profile of hexagonal MoSz.  In particular, the
002 band at 26=14, the 100 band at 28=33, the 103 band at
20=40 and the 110 band at 26=58 can be observed in Fig. 1D.
Additional heating for longer time or at a higher temperature
of 440 °C did not significantly affect the crystallinity of the
material. It is possible that MoS; formed in our experiments
partially oxidizes when filtered and washed.

To avoid exposure to. oxygen, a solution containing
Mo(CO) and (CHsSz was irradiated and then heated
directly at 300 C for 9 hours under a flow of argon to
evaporate the solvent and the excess (CHg2Sz .The X-ray
diffraction spectrum of material treated this way is shown in
Fig 1F. Compared to the spectra shown in Fig.s 1D and 1E,
the spectrum shown in Fig, 1F contains sharply defined 100
and 110 bands as well as diffuse 002 and 103 bands. The 110
band and the 002 band occur in uncongested areas of the
spectrum and have a breath of approximately 26=2 and 5
respectively. This information can be used to estimate
average crystallite depth and length. Using the Sherrer
formula, this results in average aystal dimensions
approximately 2 nm in beight and 5nm in length. The
broadness of the bands in the X-ray spectra points to the
oondition that our synthesized material does not consist
purely of MoSe.

In order to specifically examine chemical content, elemental
analysis was performed on several samples, As an example,
Fig. 2 shows the weight percentage of molybdenum(Mo),
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Fig. 3. X: ray diffraction spectrum of MoSz formed from
MozC and sulfur that was heated at 325 °C for 24 hours
under a flow of argon.

sulfur(®), carbon(C), oxygen(0), and hydrogen(H) in the
material formed by irradiating solutions of Mo(CO)s and
(CH2%:. Fig. 2A depicts the weight percent of the material
that was not heated whose X-ray spectrum is shown in Fig. IB.
This material contains 26.7 % S and 444 % Mo, relative
amounts similar to the 40:60 stoichiometric ratio in MoSe.
However, there is a substantial amount of O, Cand Hinthe
material. Fig. 2B shows that when the material is baked, the
amount of C and H decreases, most likely due to the
evaporation of residual solvent in the material. Furthermore,
the amount of S also substantially decreases due to
evaporation. This gives an indication that some of S in the
unbaked sample is not  complexed to Mo to form MoS.. Fig.
2C shows the content of the material baked without exposure
to oxygen whose X-ray spectrum is shown in Fig, 1K, In this
case there is a substantial increase in the amount of S and the
ratio of the amounts of S and Mo matches that found in MoS,.
The amount of O and H is the lowest of the three samples.
These observations acoowrt for the fact that the X-ray
spectrum of this sample exhibits the highest degree of

To check whether MoSz  crystallites could be formed via a
secondary reaction, a slurry of Mo(CO) and sulfur powder
was irradiated under similar conditions as the above
experiments. In this case, the low vapor pressure of sulfur
was expected to result in a negligible concentration of sulfur
inside the cavitating bubbles. Using TEM, crystallites were
not chserved in the material indicating that MoSz is not
formed by secondary reactions in solution.

Warzinski and Bockrath® have found that MoSz can be
formed by heating Mo(CO)s in the presence of HsS gas:
Using a similar scheme, we found that MoSz could be formed
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Fig. 4. TEM image of MoSz formed from MoC and sulfur
that was heated at 3 25°C  for 24 hours under a flow of
argon,

by heating Mo:C (formed sonochemically) with sulfur. Fig. 3
shows the X-ray diffraction spectrum of MoS; formed by
sonicating a solution of Mo(CO)s to form MoeC, mixing the
solution with sulfur powder, and evaporating the solvent by
heating the mixture at 325 “C for 24 hours under an argon
flow(the material thus formed is hereafter called as MoSz HS),
This X-ray spectrum, which shows a very broad 002 peak and
more sharply defined 110 (20 = 58) and 100(20 = 33) peaks, is
very similar t the spectram depicted in Fig, 1F.  As shown
in Fig 4, the TEM image of this materia! indicates that the
MoS; consists of strands several nanometers long with not
much layering. Several strands appear bent due to a lack of
rigidity. When material formed in this way was reheated at
400°C for 24 hours, not much change was cbserved in the
X-ray diffraction spectrum.

The catalytic activity of the material (MoSzHS) whose
X-ray spectrum is shown in Fig. 3 has been measured and
compared ' to other forms of MoSz Figh shows the
conversion of 1-methylnapthalene(1-MN),and weight percent
of l-methytetralin (I-MTL), 5methytetralin (5-MTL),
1-methyldecalin (1-MD) and others produced from the
reaction of 1-MN at 850 °C ,using a 3 % weight of catalyst, a
reaction time of 1 hour, and a hydrogen pressure of 8 Mpa.
In this figure, the total weight peroent of products is the
conversion of 1'MN. From this figure, using MoS'HS, the
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conversion is very high compared to commercially available
MoSo{Aldrich) and vibrating milled MoSz. However, the
material formed from in-situ pyrolysis of Mo(CO)s with sulfur
in the reactor has as high a catalytic activity as the MoS2-HS,
The MoSz'HS, however, consumes less hydrogen than the
inrsitu pyrolysis product.
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Figh Hydrogenation of 1-methylnaphthalene(1-MN)
using various catalystss VM= vibrating milled Aldrich
MoSz for 90 howr, MoSyHS= heating sonochernically
produced MosC with sulfur inrsitu pyrolysis= in-situ
pywolysisof Mo({CO)+S in the reactor

4. Discussion

When (CHs):Sz or HoS is used as a source of sulfur in our
experiments, MoSz and/or MozSs most likely are components
of the material that is formed This material is firly
amorphous, contains  significant amounts of carbon, oxygen
and hydrogen, and has too little sulfur to match the
stoichiometric amounts of sulfur in MoS.. When this
material is heated, the MoS; that exists remains primarily
non crystalline, As shown in Fig. 1F and Fig 3, it seems
that MoSe with the  highest crystallinity can be produced by

limiting the sample's exposure to - oxygen before 1t is sinterad.

One reason why this can effect erystallinity  involves the free
sulfur trapped in the material and its reaction to form  80s.
If there is no oxygen availsble, then SO formation becormes

. impossible when the sample is heated and more sulfur

becomes available to generate MoS: The source of
molybdenum originates from the MoeC  generated from
Mo(CO). The X-ray diffraction spectra of MoSz formed from
(CH9:S: and Mo(COJs or from MozC and sulfur that was
heated without exposure to  oxygen shows a very short, wide
002 peak relative to a well defined 110 peak (Fig, 1F and Fig.
3). This indicates that the stacking height of the crystals is

short compared to their length and is consistent with the
TEM image shown in Fig, 4. The ratio of beight to length is
very difforent from MoSy formed by other methods. The
reason why the MoS; particdes formed in our experiments
have such a low stacking height is probably due to the
amount, of carbon and oxygen contaminants in the samples
studied. Impurities may lie on the surface or between layers
of Mo%z and may impede the stacking process leading to
longer crystals with short  stacking beights. For the same
reason, large concentrations of sulfur may also enhance the
formation of long crystals.

The much higher hydrogenation activity of MoSz prepared
by heating sonochemically produced MoC with sulfur
(MoSz'HS) is attributed to bent basal planes and very tiny
crystals as reported by Twata et al®

5. Conclusion

Using molybdenum carbonyl and sulfir ocontaining
cornpounids, we have sonochemically synthesized material
containing sulfir and molybdenum that is a precursor to
MoSe formation and which contains MoS; particles. This
material is primarily amorphous but can crystallize into
MoS2 particles when heated. When this is done in an oxygen
free environment, the MoS; formed has a stacking height
relative to crystal length that is lower than MoS: particles
previously synthesized by other methods,

The bent strandlike MoS: prepared by heating
sonochemically produced Mo:C with sulfur (MoSzHS) has
much higher hydrogenation activity than vibrating milled
MoSz , and with less hydrogen consumption as high an
activity as msitu pyrolysis product of Mo(CO)s with sulfur
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