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Abstract: Inorganic fullerene-like (hollow onionlike) nanoparticles (IF) and nanotubes have attracted
considerable interest in recent years, due to their unusual crystallographic morphology and their interesting
physical properties. IF-MoS2 and nanotubes were first synthesized by a gas-phase reaction from MoO3 powder.
This process consists of three steps: (1) evaporation of the MoO3 powder as molecular clusters; (2) condensation
of the oxide clusters to give MoO3-x nanosize particles; (3) sulfidization of the suboxide nanoparticles to
generate IF nanoparticles. The evaporation of MoO3 (step 1) and the IF particle formation from the oxide
nanoparticles (step 3) have been investigated already, while the mechanism for the suboxide nanoparticles
formation (step 2) has not been studied before and is reported here. According to the present model, a partial
reduction of the trioxide molecular clusters (3-5 molecules) leads to the formation of MoO3-x nanoparticles
(5-300-nm particles size)sthe precursor for IF-MoS2. A mathematical model, which takes into account the
diffusion of the reactants into the reaction zone, the chemical reactions, and the boundary conditions obtained
from the experiments, is established and solved. Based on the comprehensive understanding of the IF-MoS2

growth mechanism from MoO3 powder and the solution of the diffusion equations, a gas-phase reactor, which
allowed reproducible preparation of a pure IF-MoS2 powder (50 mg per batch) with controllable sizes, is
demonstrated.

Introduction

Condensation of molecular clusters from the vapor phase is
a conventional method for nanosize particle formation. In this
method, a hot vapor is quenched and entrained by a flowing
inert gas. Nanoclusters are obtained by an adiabatic expansion
of the vapor leading to a cooling of the clusters inert gas vapor
and its condensation.1-3 Carbon fullerenes and nanotubes were
obtained by a similar synthetic process.4

Fullerene-related nanoparticles are derived from materials
with a layered structure. Each crystallographic layer of such a
nanoparticle is closed into a quasi-sphere or a tubule structure.
The weak van der Waals forces between the molecular layers
and the strong intralayer covalent bonds is a necessary condition
for the formation of these unusual nanoparticles. There are three
main types of fullerene-related particles: fullerenes (C60, C70,

etc.), nested-fullerene nanoparticles (onions), and nanotubes.
Analogous fullerene-like nanoparticles were obtained from a
number of inorganic materials with layered structure, which were
designated as inorganic fullerene-like materials (IF).

Fullerenes are produced from carbon-rich vapor or plasma,
which can be obtained using laser ablation, arc discharge, or
resistive heating of graphite targets.4-6 The synthesis of such
structures implies curvature of very small atomic sheets and
annihilation of the dangling bonds of the peripheral atoms. It

was shown that fullerene-like nanoparticles of MoS2 could be
obtained using such methods as e-beam irradiation7 and laser
ablation8 of regular MoS2 powder. Short electrical pulses from
the tip of a scanning tunneling microscope over a film consisting
of amorphous MoS3 nanoparticles lead to the formation of
nanoparticles with a closed MoS2 shell (IF), a few molecular
layers thick, and an amorphous MoS3 core.9 Closed cages and
nanotubes of NiCl2 were recently observed upon heating NiCl2

to 960°C in a reducing atmosphere.10 All the methods described
above can be categorized as “physical”ones, since they do not
exploit a chemical reaction for nanoparticle formation.

IF nanoparticles, including nanotubes, can be obtained also
by “chemical” methods, in which case a chemical reaction is
essential for the nanoparticles’ growth. The first synthesis of
IF-MS2 (M ) Mo,W) was based on the sulfidization of the
respective amorphous MO3 thin films in a reducing atmosphere
at elevated temperatures (∼850 °C).11-13 Using molybdenum
oxide powder instead of a thin-film precursor, IF-MoS2,
including MoS2, nanotubes were reported.14 This synthesis
however, resulted in miniscule amounts of the nanoparticles and
a limited size control. More recently, macroscopic quantities
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of IF-WS2
15 and WS2 nanotubes16 were obtained from a powder

of tungsten oxide nanoparticles. Following this early work, a
few groups reported the synthesis of MoS2 nano- and microtubes
by other “chemical” methods. MoS2 and WS2 nanotubes were
obtained by chemical vapor transport of the MS2 powder with
bromine as a transporting agent.17,18In an alternative approach,
an aqueous solution of ammounium thiomolybdate was soaked
into a porous alumina template. Subsequent annealing led to
the formation of MoS2 nanotubes, which were isolated by dis-
solving the alumina matrix with KOH solution.19 More recently,
sonochemical methods have been used for the synthesis of IF
structures from various inorganic compounds, including Tl2O.20

A model for the synthesis of IF-MS2 (M ) Mo, W) from the
oxide powder was described.15 This mechanism adequately
described the growth of IF-WS2 from WO3 nanoparticles, but
could not fully address the growth of IF-MoS2 from MoO3

vapor. According to this model, within the first few seconds of
the reaction, an encapsulate, consisting of a skin of monomo-
lecular MS2 layer or two with a suboxide core, is formed. It
was shown that the kinetics of the sulfidization/reduction
processes on the surface of the oxide nanoparticles vary strongly
with temperature.21 Only in the temperature range 700-850°C
do the kinetics of the reaction allow sufficiently rapid generation
of an absolutely closed spherical sulfide monolayer. This sulfide
monolayer averts the fusion of the oxide nanoparticles into
micrometer-size particles and promotes the growth of concentric
spherical layers, characterizing fullerene-like structures. Later
on, the suboxide core is progressively converted into IF sulfide
layers by a slow diffusion-controlled reaction.Consequently,
the size and shape of theIF particles are determined by the
size and shape of the incipient oxide nanoparticles.It is
important to note that the size of the oxide nanoparticles must
not exceed 300 nm, otherwise 2H platelets of the respective
sulfide are obtained.21

Although there are many common features in the synthesis
of the IF phase of MoS2 and WS2, they differ in some important
details. MoO3 powder evaporates at temperatures above 700
°C, while WO3 does not sublime below 1400°C. Therefore, at
the prevailing reaction temperatures (around 850°C), the
sulfidization of MoO3 and WO3 powders occurs by the gas-
phase and solid-gas reactions, respectively. This means that,
prior to the IF-WS2 synthesis, the precursor oxide nanoparticles
of a desirable size and shape must be prepared. In the case of
IF-MoS2, the synthetic process consists of the following three
main steps: (1) evaporation of MoO3 powder; (2) condensation
of the oxide vapor to give MoO3-x nanoparticles in the gas
phase; (3) sulfidization of MoO3-x nanoparticles in the reducing
atmosphere. While steps 1 and 3 were studied before15,21,22in
detail, step 2 was not well understood and is elucidated in the
present study. Thus, the major task of the present study was to

unravel the details of the growth mechanism of IF-MoS2. As
will become clear from the results below, partial reduction of
the trioxide molecular clusters leads to their condensation to
form suboxide nanoparticles, which serve as an intermediate in
the IF-MoS2 synthesis. This result affords a precise control over
the reaction products (yield and size) and reproducible synthesis
of these nanoparticles. This step is a prerequisite for a scale-up
of the IF-MoS2-phase synthesis.

Experimental Section

The first gas-phase synthesis of IF-MoS2 was carried out in a
horizontal reactor.14 A mixture of N2, H2, and H2S gases was made to
flow through the MoO3 vapor above a boat with trioxide powder heated
to 850°C. The products of these reactions were collected on a quartz
substrate. More precise control of the reaction was achieved by
separating the sublimation and sulfidization zones.14

Thus, a separate temperature control is required for the evaporation
of the MoO3 powder and sulfidization of the oxide nanoparticles. For
this purpose, a vertically positioned two-zone oven was designed and
used in these experiments.

The temperature profile of the oven was accurately determined with
a precision of(1 °C along the designed quartz reactor. The reactor,
consisting of three concentric quartz tubes, is represented in Figure 1.
The inner tube a served for sublimation of MoO3 powder in the inert
atmosphere of N2. The oxide powder(∼1 g) was placed in a small
bucket inside the inner tube a. The amount of oxide, evaporated in
each experiment(∼100-150 mg), did not influence, appreciably, the
level of the oxide in the bucket and, therefore, the rate of oxide
evaporation from the bucket was time independent. For very long
experiments (>4 h), the temprature of the bucketTo was increased
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Figure 1. Schematic representation of the experimental vertical gas-
phase reactor: a, inner tube; b, middle tube; c, nozzles; d, external
tube.
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during the experiment in order to keep the evaporation rate constant.
The height and size of the bucket were varied until an optimal
configuration was obtained. The heated molybdenum oxide powder was
sublimed and swept by the N2 stream into the middle tube b through
three small nozzles c, where the sulfidization reaction took place. The
external tube d was used for the gas exit. Four electronic gas-flow
controllers were used in this series of experiments. The flow rate of
N2 (JN2) in the inner tube a was controlled by flow controller 1 (see
Figure 1). The other gases for this reaction were provided by flow
controllers 2 (H2S), 3 (forming gas H2/N2) and 4 (N2). The forming
gas was provided to the reactor in different flow rates (JFG) and volume
percents of hydrogen(CH2 ) 1 ÷ 8). The H2S concentration (CH2S)
was varied from 1 to 4%.

Finer control of the H2 concentration was achieved by dilution of
the forming gas with N2 (flow controller 4). The gas pressure before
and after each of the flow controllers was determined by manometers.
A significant increase in the gas pressure after flow controller 1 was
indicative of the obstruction of nozzles c by the reaction product.

The oxide evaporation temperature (To) was varied from 710 to 810
°C, keeping the nozzles’ temperature (Tn), where the sulfidization
begins, almost constant (800( 10 °C). The product was collected on
a ceramic filter with tortuous paths. Typically,∼150 mg of MoO3

powder was sublimed, from which only 50 mg of IF-MoS2 was obtained
as a single and isolated (pure) phase within 5-6 h. The rest of the
material was transformed into various phases, which were deposited
inside tube a.

The reaction products were analyzed by X-ray powder diffractometer
(XRD; Rigaku Rotaflex RU-200B) with Cu KR anode (1.541 78 Å),
transmission electron microscopy (TEM; Philips model CM-120), and
scanning electron microscopy (SEM; JEOL 6400), equipped with an
energy-dispersion spectrometer (EDS; Link model ISIS). Samples for
TEM analysis were prepared by suspending the powder in ethanol, using
an ultrasonic bath, and subsequent dripping of the suspension on the
grid and drying. The size of the nanoparticles was determined by TEM
analysis, based on a statistics over a few hundereds nanoparticles for
each sample.

Results

Various experimental parameters that influenced the reaction
product were controlled in every experiment. However, it is
appropriate to show here the effect of only the main parameters,
such asTn, To, CH2, CH2S, JN2, JFG, Snsnozzles’ cross-sectional
area, andhsbucket height, whose dependencies can shed light
on the formation mechanism of IF-MoS2. Thus, the dependen-
cies of the reaction products on each parameter, which was
varied around its optimum value, while keeping the others
constant, will be shown.

To elaborate the growth mechanism of the nanoparticles, the
reaction intermediates should be probed. Unfortunately, the
present experimental setup did not permit the analysis of the
gas-phase composition in situ during the reaction. However,
precipitates of different colors, indicative of the oxide intermedi-
ates, were observed on the inner side of tube a.

To study the composition of these precipitates in greater
detail, a thin (1 mm) and long quartz rod was inserted into the
reactor and placed under the bucket in tube a (see Figure 1).
This rod was easily accessible after the reaction and was ana-
lyzed by EDS. Different reduced phases of molybdenum oxide
(MoO3-x, MoO2, and even metallic Mo), as well as molybdenum
sulfide, were observed as separate phases on the rod, which is
shown schematically in Figure 2. Molybdenum oxide is known
to exist in many reduced phases MoO3-x with 0 < x e 1.23 It
turns out, therefore, that the reduction and sulfidization reactions
of the oxide nanoparticles already occur in this tube. This means

that both hydrogen and H2S gases diffuse from the middle tube
b into tube a against the nitrogen gas flow.

After evaporation, the MoO3 vapors are heated-up and are
carried by theJN2 toward the nozzles inside tube a of the reactor.
Along this path, the MoO3 clusters are reduced by hydrogen,
and they partially precipitate on the upper part of the quartz
rod. EDS analysis of the precipitate indicates that the degree of
reduction of the molybdenum oxide increases toward the lower
part of the tube, close to the nozzles’ exit c, where the hydrogen
concentration is higher. The reaction of MoO3-x with the
diffusing H2S gas (from b to a) leads to the formation of MoS2

and its deposition on the lower part of the rod. The separation
in space (height) between the reduction and sulfidization
reactions is mainly attributed to the difference in the diffusion
length of hydrogen,LH2, and H2S,LH2S, due to the difference in
the diffusion coefficient (D) of the two gases. The latter is
inversely proportional to (M)1/2, whereM is the molecular weight
of the gas (MH2S ) 34; MH2 ) 2).

When strong hydrogen diffusion occurred(LH2 > h), the
MoO3 powder inside the bucket was reduced. On the other hand,
no reduction of oxide powder inside the bucket was found when
the precipitation height of the suboxide was a few millimeters
below the bucket height(LH2 < h). Therefore,LH2 andLH2S were
determined by the precipitation height of the suboxide and the
sulfide on the quartz rod. The difference in these two parameters
(LH2 - LH2S) characterizes the spatial separation between the
reduction and sulfidization reactions of the MoO3 vapor and is
designated here as the “reduction volume” or “reduction path”.

The relationship betweenLH2, LH2S, and MoO3 vapor stream,
JMoO3, on one hand, and IF-MoS2 production (yield and size),
on the other hand, as a function of the main experimental
parameters, is presented here.

a. Effect of N2 Gas Flow,JN2. The hydrogen diffusion length
LH2 could be varied from a few millimeters (from the nozzles’
exit) to ∼90 mm, which is the height of the bucket(h). The
parameter that influencedLH2 (andLH2S) mostly wasJN2 (Figure
3). IncreasingJN2 led to a decrease inLH2 (andLH2S) and to a
decrease of the IF nanoparticle sizes (see Figure 3). At a lower
temperature(To ) 765 °C) and higherJN2, increasing theJN2

leads to a decrease in the fraction of IF phase in the product
(Figure 3b). At a higher temperature(To ) 785 °C) and
smallJN2, the yield of the IF phase remains unchanged (100%)
(Figure 3a).

This figure shows also that whenLH2 was below∼10 mm,
mostly 2H-MoS2 platelets were obtained. TheJN2 had negligible
influence on the evaporation rate of the MoO3 powder under
the present experimental circumstances.

(23) Wells, A. F.Structural Inorganic Chemistry; Oxford University
Press: New York, 1984; pp 517-592.

Figure 2. Schematic representation of the reaction products, which
precipitated on the quartz rod, chemically identified by EDS
analysis.
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b. Cross-Sectional Area of the Nozzles,Sn (c in Figure 1).
The effect of the nozzle cross-sectional areaSn on LH2 was also
rather important and can be attributed to several factors. First,
according to the diffusion (Fick) law,24 the diffusion fluxes of
hydrogen and H2S (JH2 and JH2S) are linearly proportional to
the cross-sectional area of the opening (nozzles). The second
reason is the hydrodynamic regime of the reactor. In this reactor,
two counterpropagating fluxes (JN2 andJFG) cross each other at
the nozzle’s exit (c). It was found that increasing the nozzle
cross-sectional area by a factor of 2 led to an increase ofLH2

from 10 to 23 mm. Nonetheless, a simple relationship between
Sn and IF formation was not observed, since variation in this
parameter influenced many of the other experimental parameters
in a nontrivial way.

Another important effect is related to the inadvertent pre-
cipitation of reduced MoO2 in the nozzles, which tends to clog
them and thereby disturb the reaction parameters. Careful
matching ofSn to the kinetics of the reaction and the fluxes
averted this undesirable phenomenon.

c. Hydrogen Concentration, CH2, in the Forming Gas.
Increasing the hydrogen concentration in the forming gas led
to an increase ofLH2, while LH2S remained unchanged (see Figure
4). According to the diffusion (Fick) law,24 the diffusion flux
(JH2 and JH2S) is linearly proportional to the concentration

gradient. The relationship between CH2 and the fraction of IF
phase in the product was nonetheless found to be much more
complicated. Under the specific conditions of the present series
of experiments (To ) 765 °C, JN2 ) 44 mL/min), increasing
the hydrogen gas concentration led to an increase in the fraction
of IF nanoparticles in the product. However, at lower temper-
atures(To < 720 °C), the fraction of IF nanoparticles in the
product decreased with increasingCH2. This point is further
discussed below.

d. Effect of H2S Concentration, CH2S. While most of the
experiments in this work were done with 4% of H2S in the
forming gas, a few experiments were carried out in lower H2S
concentrations. Figure 5 shows the effect of H2S concentration
(CH2S) on the diffusion length of the gas as determined from
the height of the sulfide deposits on the quartz rod. As expected
from Fick’s law, a simple monotonic dependence is observed.
Note also that, at these low temperatures (To ) 725 °C), the
fraction of IF-MoS2 increases first and then decreases as the
concentration of H2S is increased.

e. Effect of Temperature. In this section, the influence of
the oxide evaporation temperature,To, on the various fluxes is

(24) Atkins, P. W.Physical chemistry; Oxford University Press: New
York, 1978; pp 195-222.

Figure 3. (a) Effect of nitrogen gas flow rateJN2 on hydrogen diffusion
length,LH2, and IF size.To ) 785 °C; CH2 ) 5%. (b) Effect ofJN2 on
the diffusion lengthsLdiff (LH2, LH2S) and IF yield. To ) 765 °C;
CH2 ) 5%.

Figure 4. Effect of hydrogen concentrationCH2 in forming gas on
hydrogen diffusion length,LH2, and IF yield.To ) 765 °C; JN2 ) 44
mL/min.

Figure 5. Effect of H2S concentration,CH2S, in forming gas on
hydrogen diffusion length,LH2, and IF yield.To ) 725 °C; JN2 ) 38
mL/min; CH2 ) 5%.
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studied. First, the temperature of the nozzles (Tn) was influenced
to a minor extent, only, by varyingTo. Tn varied in the range
800 ( 10 °C, while To was changed between 710 and 810°C
during these experiments. Therefore, to a first approximation,
the diffusion fluxes of H2 and H2S (JH2 andJH2S) through the
nozzles from (b) to (a) are taken as temperature independent in
the reaction. Figure 6 shows the calculated fluxes of hydrogen
in the entrance to the nozzles (c) for three different volume
concentrations, as indicated (for a detailed explanation, see
discussion below).

Contrarily, the MoO3 vapor stream, JMoO3 (JMoO3 ) V/M,
whereV (g/s) is the evaporation rate, measured by weighing
the bucket before and after the experiment, andM ) 144, the
molecular weight of MoO3), was very sensitive to variations in
the temperature (To). The temperature dependence ofJMoO3

exhibited an exponential character (Figure 6) and corresponds
to the exponential dependence of the oxide vapor pressure on
temperature (To).23

The highest value ofJMoO3, which is obtained by the
evaporation of MoO3 powder, is a fraction of a percent of the
nitrogen gas flux (JN2) in tube a. Therefore, the MoO3 flux does
not influence the hydrodynamics of the gas flow in the reactor.

Finally, the dependencies ofLH2S, LH2, and IF particle size
on theJMoO2 (To) are shown in Figure 7 for two N2 fluxes. These
results are much less obvious if not counterintuitive. Most
strikingly in this respect is the fact thatLH2 increases for
increasingJMoO3 (Figure 7a). It is believed that this result reflects
the coalescence of the partially reduced oxide clusters into larger
nanoparticles (see eq 2 below). Four different temperature zones
can be discerned in this figure, reflecting the variation in IF
size and yield. Zone I (To ) 710-725 °C) in Figure 7a
corresponds to low and constant values ofLH2, where 2H-MoS2
platelets are initially obtained. WhenJMoO3 increases, the fraction
of small IF nanoparticles (15( 10 nm) in the product increases
(Figure 7a,b) and reaches 100% at the right-hand boundary of
zone I.

In zone II (725-740 °C), the product is made of a pure IF-
MoS2 phase andLH2 increased steeply withJMoO3. Simulta-
neously, the IF nanoparticle size increases as shown in Figure
7b. The large error bar, which is presented in Figure 7b for the
particles in zone II, is due to the large size distribution, obtained
from TEM analysis.

WhenLH2 reaches its saturation value (zone III,To ) 740-
780 °C), large IF nanoparticles with a relatively narrow size
distribution were obtained. Subsequently, a slow increase of the
IF nanoparticles size withJMoO3 (Figure 7b) is observed. Note

Figure 6. Molybdenum oxide evaporation rate (JMoO3) versus source
temperature (To). Calculated hydrogen fluxes atx ) 0 (entrance to
nozzles) andTn ) 800°C for different H2 concentrations in the forming
gas, are also shown.

Figure 7. (a) Effect ofJMoO3 (To) on Ldiff (LH2, LH2S) and IF yield for
JN2 ) 38 mL/min. (b) IF-MoS2 size vsJMoO3 for JN2 ) 38 mL/min. (c)
Hydrogen diffusion length,LH2, and IF yield vs.JMoO3 for JN2 ) 44
mL/min; Tn ) 800 °C; CH2 ) 5%; JH2S ) 4 mL/min.
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that, for high values ofJMoO3, the fraction of IF nanoparticles
in the product decreases again (zone IV,To ) 780-810 °C).
When the N2 flow is increased from 38 to 44 mL/min, the
general form ofLH2 and IF yield vsJMoO3 is preserved (Figure
7c). However, increasing the N2 gas flow leads to a reduction
in LH2 and the yield, and so a pure IF phase could not be obtained
under this high N2 flux. It is to be noted that the number of
experiments in this series was more limited than in Figure 7a
and b.

The present study shows that full control of the production
of IF nanoparticles with sizes ranging from 15 ((10) to 250
((50) nm has been accomplished in this study. Figure 8 shows
a typical image of IF nanoparticles with two different sizes.

Discussion

a. Forward. From the present results, it is clear that pure
IF-MoS2 phase with a well-defined size and relatively narrow
size distribution could be obtained by this process. Variations
of the nitrogen flow rate (JN2), Sn, and CH2 and CH2S lead to
changes inLH2 and LH2S, respectively, which affects the
production of the IF phase. These dependencies follow the
changes ofJMoO3, JH2, andJH2S, which can be estimated from
Fick laws (see below). The correlation betweenLH2 (LH2S) and

IF formation is not as simple. Nonetheless, it can be concluded,
that the IF phase is obtained if the reduction volume (LH2 -
LH2S) is larger than some minimum value, which depends on
the experimental conditions. The dependencies ofLH2 on JMoO3

(To), which are shown in Figure 7, are intuitively nontrivial.
The flux of H2 propagates in the opposite direction to that of
MoO3, and an increase inJMoO3 would be expected to limit the
diffusion of H2 inside tube a. Actually, an opposite behavior
was observed, which cannot be explained through a linear
(molecular) diffusion process.

The model proposed below intends to explain the growth
mechanism for fullerene-like MoS2 nanoparticles in the gas
phase, addressing the salient experimental data.

b. Model. b.1. Chemical Processes.The first step in the
synthesis of IF-MoS2 is the evaporation of MoO3. The vapor
phase of MoO3 consists predominantly of the molecular clusters
Mo3O9, Mo4O12, and Mo5O15.22 The cluster Mo3O9, which has
a hexagonal ring structure, is the most stable one, and
consequently, it is the most volatile cluster of the three. In the
next step, these clusters condense into larger oxide nanoparticles.

According to the established IF growth mechanism,15 oxide
nanoparticles 5-300 nm in size are necessary as a precursor
for the synthesis of IF-MoS2.

In the present process, the temperature increases from step
to step, having a positive gradient along the molecular clusters’
flow. Therefore, the classical method for nanoparticle synthesis
by cooling and condensation of the vapor phase1-3 could not
be invoked to explain the current growth mechanism. However,
condensation can be provoked also by a chemical reaction, in
which case, the vapor pressure of the product is lower than that
of the precursor in the vapor phase. This mechanism was used
to explain the formation of oxide nanoparticles from the (MoO3)3

clusters, in the present synthesis.
A gas-phase reaction of diffused hydrogen with Mo3O9

molecular clusters leads to their reduction into molybdenum
suboxide. Being nonvolatile at the present working tempera-
tures,25 the reduced clusters condense into suboxide nanopar-
ticlessMoO3-x. Once the condensation step is completed, i.e.,
nanoparticles 5-300 nm in size have been obtained, they are
allowed to encounter H2S and the conversion into fullerene-
like MoS2 nanoparticles commences.15

A schematic representation of this process is shown in Fig-
ure 9. The reduction reaction of the vapor oxide (molecular
clusters) with hydrogen (see K1 zone, Figure 9) can be described
by eq 1,

wherem ) 1, 2, 3, ..., 9, depends on the relative concentrations
of (MoO3)3 and H2.

The coalescence of nonvolatile suboxide molecular clusters
with trioxide molecular clusters is a multistep process, which
results in the formation of suboxide nanoparticles (see K2 zone,
Figure 9). This multiple step reaction can be schematically
represented through an apparent single step of condensation:

wheren ) 3p + 3s are integers andx ) s(m/n).
The reduction process is being continued while hydrogen

encounters suboxide nanoparticles (see zone K3, Figure 9),

(25) Knacke, O.; Kubaschewski, O.; Hesselmann, K.Thermochemical
Properties of Inorganic Substances; Springer-Verlag: Berlin, Heidelberg,
1991; pp 1264-1272.

Figure 8. Typical images of IF nanoparticles with two different
sizes: (a) 200 and (b) 2000 Å. The inset in (b) shows an enlarged part
of the large IF nanoparticle.

(MoO3)3 + mH2 98
k1

(MoO3-m/3)3+ mH2O (1)

p(MoO3)3 + s(MoO3-m/3)3 98
k2

(MoO3-x)n (2)
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which have been formed in reactions 1+ 2.

The rate of reduction is proportional to the specific surface area
of the nanoparticles. It was shown,26 that the reduction rate of
molybdenum oxide powder decreases substantially as a result
of aggregation of the nanoparticles (k1 . k3). Therefore, the
condensation of the molecular (MoO3)3 clusters into (MoO3-x)n

nanosize particles inhibits their fast reduction process.
The condensed oxide nanoparticles flow to the H2S diffusion

volume, i.e., close to nozzles exit (see zone K4, Figure 9). At
this point, synthesis of IF-MoS2 commences. The suboxide
nanoparticles surrounded by a few sulfide shells (IF), flow to
the filter (see Figure 1), where they are collected and continue
to sulfidize. Complete conversion of the oxide nanoparticles
affords hollow IF-MoS2 after a few hours reaction:

The presented model reveals that in this process the stoichi-
ometry of the oxide precursor, synthesized in the vapor phase,
is determined by the reduction and condensation reactions.
Therefore, the stoichiometry of the suboxide nanoparticles
depends on the relationship between the hydrogen flux (JH2)
and the flux of MoO3 (JMoO3). It is found that fullerene-like
nanoparticles are obtained forJH2/JMoO3 < 1, only.

b.2. Calculation of the Hydrogen Flux. The hydrogen
stream from tube b to tube a,JH2, is determined by a diffusion
and, consequently, obeys the one-dimensional Fick’s laws of
diffusion.24

Since H2 is provided to the reaction zone by diffusion, and
is consumed by first-order chemical reactions (see eqs 1 and
3), the second-order Fick’s equation reads

wherejH2(x,t) (mol s-1 cm-2) is the flux density of the hydrogen
stream;CH2(x,t) (mol/cm3) is the H2 concentration at a given
locationx at time t, DH2 (cm2/s) is the diffusion coefficient of
hydrogen,k ) k1 + k3, andkCH2(t,x) is the rate of the chemical
reaction for H2.

The two counteracting processes, diffusion of H2 into the
reaction zone in (a) and its runoff by means of a chemical
reaction with MoO3, establish a steady state (δCH2(t,x)/δt ) 0)
of nonuniform (decreasing) H2 concentration along the hydrogen
diffusion path LH2. An appropriate equation for such time-
independent process is

The solution for this equation, with the boundary conditions
CH2(x ) 0) ) CH2

o andCH2(x ) LH2) ) 0, yields the concentra-
tion profile of H2:

Note, thatCH2

o is the H2 concentration near the nozzles. As will
be shown below,CH2

o differs from the initial H2 concentration
in the forming gas (CH2

FG).
SubstitutingLH2 ) (DH2/k)1/2 and eq 8 into eq 5, the hydrogen

flux is obtained:

In the following,JH2 at the entrance to the nozzles, i.e., atx
) 0, is calculated and compared toJMoO3. LH2 is determined
experimentally, as described above, and is 2.4 cm for 5% H2

(in the forming gas). The value ofDH2 at 0 °C is tabulated27

and isDH2(0 °C) ) 0.688 cm2/s. The following relationship27

was used to calculate the value ofDH2 at a givenTn:

from which the value 6.7 cm2/s was obtained forDH2 at Tn )
800 °C.

Assuming the validity of the ideal gas relationship,CH2

FG at
the reactor temperature (Tn) is

from which the value 5.6× 10-7mol/cm3 was obtained for
CH2

FG at Tn ) 800 °C and 5% hydrogen (volume percent in the
forming gas). Taking into account the cross-sectional area of
the three nozzles (Sn ) 0.08 cm2), through which the diffusion
occurs, the H2 stream is calculated to be

(26) Sloczynski, J.; Bobinski, W.J. Solid State Chem.1991, 92, 436.

(27) Morachevski, A. G.; Sladkov, I. B.Physical-Chemical Properties
of Molecular Inorganic Compounds′; Chimia: St. Petersburg, 1996; pp
290-293 (in Russian).

Figure 9. Scheme for the lower part of reactor a, depicting the MoO3

evaporation, reduction, and suboxide nanoparticle formation. The
sulfidization of these particles is initiated close to the nozzles’ exit.

(MoO3-x)n + H2 98
k3

(MoO3-x-1/n)n + H2O (3)

(MoO3-x)n + 2nH2S + (1 - x)nH2 98
k4

(MoS2)n + (3 - x)nH2O (4)

jH2
(x,t) ) -DH2

(δCH2
(x,t)/δx) (5)

δCH2
(t,x)/δt ) DH2

(δ2CH2
(t,x)/δx2) - kCH2

(t,x) (6)

DH2
(δ2CH2

(x)/δx2) - kCH2
(x) ) 0 (7)

CH2
(x) ) 1.2CH2

o exp[-x(k/DH2
)1/2] -

0.2CH2

o exp[x(k/DH2
)1/2] (8)

JH2
) CH2

o (DH2
/LH2

)(1.2 exp[-x/LH2
] + 0.2(exp[x/LH2

]) (9)

DH2
) DH2

(0 °C)((Tn + 273)/273)1.7 (10)

CH2

FG(Tn) ) CH2

FG(0 °C)(273/(Tn + 273)) (11)
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The variation of the temperature of the nozzles (Tn) with the
oxide evaporation temperature (To) is rather modest. There-
fore, to a first approximation the diffusion flux of hydrogen
from (b) to (a) is independent of theTo. Figure 6 shows the
calculated values ofJH2, which are represented by straight lines.
For this calculation,Tn was taken to be 800°C and three
hydrogen volume concentrations in the forming gas were
considered: 3, 5, and 8%. The hydrogen diffusion is greatly
influenced by the counterpropagating stream of nitrogen gas,
which carries the MoO3 clusters (see section on Effect of N2

Gas Flow,JN2). The N2 flux in the exit of the nozzles c is normal
to the hydrogen flux (see Figure 1). Since the nozzles are narrow
the outflow rate of the carrier gas from (a) to (b) is greatly
increased.

Using the flow rates ofJN2 in (a) andJFG in (b) and the cross-
sectional areas of tubes a (0.08 cm2) and b (2 cm2), the laminar
rates were calculated to be 5 and 0.5 cm/s, respectively.

The outflow of N2 from the nozzles dilutes the hydrogen
concentration in the forming gas by a factor of 10 (CH2

o )
CH2

FG/10), if the mixing is completed instantaneously. In reality,
the mixing is not ideal and therefore this factor is higher. A
similar effect holds for the H2S concentration. This overwhelm-
ing effect slows down the diffusion of hydrogen from (b) to (a)
considerably. Another effect, which plays a much smaller role,
is the dilution of the hydrogen gas by the nitrogen in the
reduction volume. It can be shown that this effect reduces the
effective hydrogen concentration, available for the reduction
reaction by a few percent only.

The calculated hydrogen fluxJH2(x ) 0) from this model is
1.8 × 10-8 mol/s for 5% H2 in the forming gas.

b.3. Comparison between the Experimentally Determined
JMoO3 and the CalculatedJH2. The bisection point (T1) of the
curves,JMoO3 andJH2, in Figure 6 defines two separate zones:
to the left and to the right of this point. Since the reaction
between H2 and MoO3 molecules is very efficient, the reduction
process depends on the relative fluxes of the two reactants. To
the left of T1, including T1, JH2/JMoO3 g 1, and consequently,
the hydrogen excess results in a very efficient reduction of the
molybdenum oxide clusters into pure MoO2 (or metallic Mo)
particles. In this case, the reaction with H2S does not afford
fullerene-like particles.21 Consequently, 2H-MoS2 platelets are
obtained in this temperature regime. To the right of T1, JH2/
JMoO3 < 1, and the amount of H2 in the reaction zone is smaller
than that of MoO3. Condensation of the clusters to suboxide
MoO3-x nanoparticles, with subsequent IF-MoS2 synthesis, is
preferred in this regime.

As shown in Figure 6, the temperature dependence ofJMoO3

is appreciably stronger than that ofJH2. Thus, at elevated
temperatures,JMoO3 . JH2. This H2 deficiency leads to an
inefficient reduction and, consequently, inefficient formation of
the suboxide nanoparticles in this region. Therefore, there exists
also an upper temperature threshold (T2) for the IF phase
formation. This temperature cannot be calculated from the
present model and is determined experimentally, only.

TemperaturesT1 and T2 can be varied to some extent by
changing the hydrogen concentration in the forming gas and
the nitrogen gas flux, which goes through tube a.

The temperature range for fullerene-like particle formation
at different hydrogen concentrations was found experimen-
tally: for CH2 ) 5% - T1 ) 725 °C T2 ) 785 °C; for CH2 )
8% - T1 ) 735 °C T2 ) 790 °C and is in a good agreement
with the calculated values.

As shown in Figure 6, increasing the temperature, inside the
interval suitable for IF formation, leads to an increase in the
ratio JMoO3/JH2, which in turn leads to bigger nanoparticles size
(see Figure 7b).

c. Discussion of the Experimental Results in the Light of
the Presented Model. c.1. Effect ofJMoO3 on the Hydrogen
Diffusion Length. The presented model indicates that the
condensation of molecular oxide clusters into oxide nanopar-
ticles (eq 2) is a most crucial step in the gas-phase synthesis of
IF-MoS2. It is now used to explain the nontrivial behavior of
LH2 in Figure 7a.

Zone I in Figure 7a correspond to low and constant values
of LH2 (andLH2S). LH2 is ∼1 cm andLH2S is ∼0.7 cm (Figure 5)
in this zone. This region is also characterized by a relatively
small values ofJMoO3 (see Figures 6 and 7). While 2H platelets
are preferred on the left-hand side of zone I, IF-MoS2 are
obtained on the right-hand side of this zone. The hydrogen flux,
JH2, was estimated from Fick’s law (see above). It is found to
be on the same order of magnitude as the lowest value ofJMoO3

(on the left-hand side of zone I). Therefore, on the left side of
zone I there is sufficient hydrogen to reduce the molecular
clusters into metallic Mo (m ) 9 in eq 1), which reacts rapidly
with H2S.28 Furthermore, the low density of the molybdenum
oxide clusters in the reduction volume results in a low encounter
probability and consequently small (<5 nm) nanoparticles.
These reactions, however, are unable to produce IF-MoS2

15,21

and the formation of platelets (2H-MoS2) is therefore initially
preferred. As the flux of MoO3 increases in zone I, the complete
reduction of the oxide clusters into metallic Mo is slowed. In
addition, the density of molybdenum oxide clusters in the
reduction volume increases and consequently their encounter
probability becomes higher. This leads to a gradual increase in
the suboxide nanoparticles size (>5 nm) and, consequently, to
an increase in the fraction of the IF phase in the product, toward
the right end of zone I.

Zone II is characterized by a dramatic increase ofLH2 (from
9 to 24 mm) and gradual increase in the (IF) nanoparticles
sizes (from 20 to 100 nm) asJMoO3 increases modestly from
2 to 4 × 10-8 mol/s. Note that no external parameter that
could lead to an increase inLH2 has been varied during this
experiment.

The explanation for this nontrivial behavior can be found in
the increasing rate of the condensation of the oxide clusters (eq
2) relative to their rate of reduction (eq 1). The surface area of
the oxide nanoparticles, which is available for further reduction,
diminishes as the particle size increases. Therefore, the overall
rate of reduction (eq 3) goes down26 and the hydrogen can
propagate deeper into tube a of the reactor, i.e., increasingLH2.
Thus,LH2 increases whileLH2S remains almost constant, leaving
more time (larger reduction volume) for the small oxide clusters
to be reduced and condense onto the oxide nanoparticles. This
leads to coarsening of the oxide nanoparticles prior to their
encounter with the H2S gas. The larger oxide nanoparticles are
characterized also by smaller deviation from stoichiometry
(smallerx in eq 2), which is favorable for IF formation.15,21

Therefore, the average size of the IF nanoparticles in the product
increases in this zone (see Figure 7).

It is believed that the increase ofLH2 in zone II can be
attributed to the condensation reaction, which is induced by the
reduction of the (MoO3)3 clusters.

Zone III of Figure 7 corresponds to high and constant values
of LH2 and also to the disappearance of small IF nanoparticles
in the product. In parallel, increasingJMoO3 leads to a gradual

(28) Grange, P.Catal. ReV.-Sci. Eng.1980, 21 (1), 135.

JH2
) Sn jH2

(12)

Growth Mechanism of MoS2 Fulerene-like Nanoparticles J. Am. Chem. Soc., Vol. 122, No. 45, 200011115



and small increase in the IF particle size, from 100( 20 nm
on the left-hand side of zone III to 150( 50 nm on the right-
hand side of zone III. This indicates that in this zone the rate of
reactions 2 and 3 do not vary with increasingJMoO3 and
consequently the IF size reaches it maximum value.

Zone IV of Figure 7 is characterized by an increase of the
fraction of 2H-MoS2 platelets to the expense of the IF
nanoparticles in the product. Also,JMoO3 increases exponentially,
beyond a certain threshold. This effect is attributed to the large
density of (MoO3)3 clusters in the vapor phase, which cannot
be effectively reduced by the hydrogen gas. Therefore, the
efficacy of the condensation process of the clusters into
molybdenum suboxide nanoparticles diminishes.

Since the N2 gas flow (Figure 7c) is in a direction opposite
to the H2 flux, increasing the former will lead to a slower in-
diffusion of hydrogen from the tube b into the tube a. This in
turn leads to a decrease inLH2, and therefore, the reduction
volume shrinks and the conditions for the IF phase synthesis
become less favorable. This effect is further discussed in the
next section.

c.2. N2 Flow Rate. As shown in Figure 3a,b, increasingJN2

results in a decrease ofLH2, LH2S, IF yield, and IF size. When
JN2 is very large (48 mL/min), the hydrogen diffusion length-
LH2 is rather small. Consequently, the reduction volume, as
expressed by the reaction path∆L ) LH2 - LH2S is rather small
(<6 mm). The small value of∆L does not permit a sufficient
reduction of the oxide and condensation of the suboxide
nanoparticles. Therefore, the amount of IF nanoparticles pro-
duced under these conditions is rather small (10%) and increases
asJN2 decreases (see Figure 3b). A pure IF phase is obtained
when∆L is larger than 17 mm. From now on, as∆L increases
(JN2 decreases), the size of the IF nanoparticles increases. A
larger reduction path allows for the reduced oxide clusters to
encounter the suboxide nanoparticles for longer period of time
and thereby to grow in size.

c.3. Hydrogen Concentration in the Forming Gas. In
Figure 7a, a pure IF phase is obtained at 765°C. However, if
the N2 gas flow increases from 38 to 44 mL/min (see Figures
3b and 7c), the IF phase constitutes only 70% of the total
product. The deterioration of the reaction product is attributed
to the reduced supply of H2 into the reactor. Increasing the
hydrogen concentration in the forming gas leads to an increase
of the diffusion flux of hydrogen from (b) to (a) and to an
increase inLH2, which consequently leads to an increase of the
IF yield to 100%, as shown in Figure 4.

c.4. Effect of H2S Concentration, CH2S. The influence of
CH2S became perceptible at smallJMoO3 whenLH2 is low. Thus,
the effect ofCH2S was studied under low-temperatureTo ) 725
°C, nitrogen flux (38 mL/min), andCH2 ) 5% and is sum-
marized in Figure 5. Decreasing ofCH2S from 4 to 1.7% leads
to a decrease inLH2S (from 7 to 3.5 mm), whileLH2 remains
unchanged (12 mm). Consequently, the reduction volume (LH2

- LH2S) and the IF yield increased (from 5 to 8.5 mm and from
50 to 90%, respectively). An additional decline ofCH2S to 1%
resulted in a depletion of H2S in tube a and the disappearance
of IF in the product. It was shown21 that the kinetics of the
sulfidization/reduction processes on the surface of the oxide
nanoparticles varies strongly with H2S concentration. When the
H2S concentration is above a threshold value, the kinetics of
the reaction allows sufficiently rapid generation of an absolutely
closed spherical sulfide monolayer on the oxide surface. This
sulfide monolayer averts the fusion of the oxide nanoparticles
into micrometer-size particles and promotes the growth of
concentric spherical layers, characterizing fullerene-like struc-

tures. Contrarily, for 1%CH2S, the kinetics of the sulfidization
reaction is too slow, and consequently, 2H platelets are obtained,
as shown on the Figure 5.

c.5. Control of the IF Particle Size. Once the reaction
mechanism and the effect of the various experimental parameters
were studied, rational size control of the IF nanoparticles became
feasible, too. For instance, Figure 7b shows that asJMoO3 (To)
increases so do the nanoparticles’ sizes (5-200 nm); Figure 3a
shows that asJN2 decreases the nanoparticles size increases
(100-300 nm). The error bar for eachJMoO3 is indicative of
the scattering of the particles’ size in the particular synthesis.

The size of the fullerene-like nanoparticles was shown to be
determined by the size of the suboxide nanoparticles.15 In turn,
the size of the suboxide nanoparticles depends on the density
of the oxide molecular clusters, Mo3O9 (JMoO3), in the reduction
volume and the size of the reduction volume (LH2 - LH2S).
Variation of these parameters permits full control of the average
particle size.

It is important to emphasize that the experimental parameters
are not independent of each other and in fact are highly
correlated. For example, to decrease H2 flux (JH2), one could
decrease theCH2 in the forming gas, but also to increase the N2

flow rate or decreaseSn. These examples illustrate the complex-
ity of this process and explain the great difficulty in controlling
the synthesis of IF-MoS2.

The effect of other experimental parameters on the IF particle
size is more involved and was studied to some extent. IF
particles as large as 300 nm could be produced, using the present
technique; beyond this size, 2H platelets were favored during
the growth process.

Conclusions

Taking advantage of the MoO3 sublimation at the reaction
temperature, the synthesis of IF-MoS2 with in situ control of
the particle size was elaborated. A model for MoO3-x nano-
particle (>5 nm) formation from (MoO3)3-5 molecular clusters
during the IF-MoS2 synthesis was proposed. According to the
present model, the partial reduction of (MoO3)3-5 molecular
clusters with hydrogen leads to the formation of MoO3-x

nanoparticles 5-300 nm in diameter, which are the precursor
for IF-MoS2 nanoparticles. The parameters, which influence the
formation of the nanoparticles are the temperature, flow rates
of gases, concentrations of gases (H2 and H2S), and reactor
construction (nozzle’s size and shape, position of the oxide
precursor, tube’s diameter, etc).

Leaning upon the understanding of the growth mechanism
of the IF-MoS2 phase, an original gas-phase reactor was con-
structed that allowed a reproducible synthesis of a pure IF-MoS2

phase (50 mg/batch) with controllable size. Based on the recent
experience with IF-WS2 nanoparticles, where understanding of
the growth mechanism was a key to the successful scale-up
effort to produce 20-100 g/batch,29 the present production level
of IF-MoS2 could be further scaled-up soon.
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