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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-MoSand nanotubes were first synthesized by a gas-phase reaction frompdo@er.

This process consists of three steps: (1) evaporation of thesio@der as molecular clusters; (2) condensation

of the oxide clusters to give Mofx nanosize patrticles; (3) sulfidization of the suboxide nanoparticles to
generate IF nanoparticles. The evaporation of M¢&ep 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 molecules) leads to the formation of M@Q nanopatrticles
(5—300-nm particles sizejthe precursor for I”MoS,. 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-MoS
growth mechanism from Mo£powder and the solution of the diffusion equations, a gas-phase reactor, which
allowed reproducible preparation of a pure IF-Mg®wder (50 mg per batch) with controllable sizes, is
demonstrated.

Introduction was shown that fullerene-like nanoparticles of Ma®uld be

Condensation of molecular clusters from the vapor phase is gg;[g;irl)ergogsrg]gulse;clclcgetr(])(\j\(/jdse?Ssifr‘teaegcli:s:(:\lﬁm;ﬁgm
a conventional method for nanosize particle formation. In this the ti ofasczgnnin tunnl?elin microsco o overaf[;m consistin
method, a hot vapor is quenched and entrained by a flowing P 9 9! b . 9
. : . : 2 of amorphous Mo$ nanoparticles lead to the formation of
inert gas. Nanoclusters are obtained by an adiabatic expansion . -~ teles with a closed MoShell (IF), a few molecular
of the vapor leading to a cooling of the clusters inert gas vapor la erg thick. and an amor houz red blosed canes and
and its condensatiohr3 Carbon fullerenes and nanotubes were ngnotubes (’)f NiGlwere regentl olbmssjerve'd upon hea?in NiCI
obtained by a similar synthetic procéss. y P g

. . . t0 960°C in a reducing atmospheteAll the methods described
Fullerene-related nanoparticles are derived from materials : N - .
. . above can be categorized as “physical’ones, since they do not
with a layered structure. Each crystallographic layer of such a

SO ; : exploit a chemical reaction for nanoparticle formation.
nanoparticle is closed into a quasi-sphere or a tubule structure.

The weak van der Waals forces between the molecular layers ”f nanqpaf,tlcles, mclugllng r)anotubes, can b.e obtalngd aI.so
. . .- by “chemical” methods, in which case a chemical reaction is

and the strong intralayer covalent bonds is a necessary condition ; o ' .

for the formation of these unusual nanoparticles. There are threeessent'aI for the nanoparticles’ growth. The .f'r.St s_yntheS|s of
: IF-MS; (M = Mo,W) was based on the sulfidization of the

main types of fullerene-related particles: fullerenego(Cro, respective amorphous Mghin films in a reducing atmosphere
etc.), nested-fullerene nanoparticles (onions), and nanotubes. P P o 11-13 | 1ci g P

- ) . at elevated temperatures-§50 °C). Using molybdenum
Analogous fullerene-like nanoparticles were obtained from a

number of inorganic materials with layered structure, which were _OX|de powder ‘instead of a thin-flm precursor, IF-MoS

designated as inorganic fullerene-like materials (IF). including MoS, ngnotypes were reportédi.This synthe3|s
. however, resulted in miniscule amounts of the nanoparticles and
Fullerenes are produced from carbon-rich vapor or plasma,

which can be obtained using laser ablation, arc discharge, ord limited size control. More recently, macroscopic quantities
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Growth Mechanism of M@S-ulerene-like Nanoparticles

of IF-WS;15 and WS nanotube® were obtained from a powder
of tungsten oxide nanoparticles. Following this early work, a
few groups reported the synthesis of M@fano- and microtubes
by other “chemical” methods. MeS&nd WS nanotubes were
obtained by chemical vapor transport of the M@®wder with
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bromine as a transporting agéntéIn an alternative approach,

an aqueous solution of ammounium thiomolybdate was soaked
into a porous alumina template. Subsequent annealing led to
the formation of Mo$ nanotubes, which were isolated by dis-

—
solving the alumina matrix with KOH solutioli.More recently,

sonochemical methods have been used for the synthesis of IF @

structures from various inorganic compounds, including?P

A model for the synthesis of IF-MSM = Mo, W) from the L 4 N/,
oxide powder was describéél.This mechanism adequately \\ HS ew| M8 7

\ /

o Y| g,

element

described the growth of IF-WSrom WO; nanopatrticles, but
element
h ‘ quartz ‘
rod
(c) T,

nozzles,
headon view:

could not fully address the growth of IF-Mg@$rom MoO; o
vapor. According to this model, within the first few seconds of
the reaction, an encapsulate, consisting of a skin of monomo-
lecular MS 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 nanopatrticles vary strongly
with temperatur@! Only in the temperature range 78850°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 fower
on, the suboxide core is progressively converted into IF sulfide heating
layers by a slow diffusion-controlled reactioBonsequently, element
the size and shape of tHE particles are determined by the

size and shape of the incipient oxide nanoparticlisis

important to note that the size of the oxide nanoparticles must @

not exceed 300 nm, otherwise 2H platelets of the respective —_— _—
sulfide are obtaineét Figure 1. Schematic representation of the experimental vertical gas-

Although there are many common features in the synthesis phase reactor: a, inner tube; b, middle tube; c, nozzles; d, external
of the IF phase of Mogand WS, they differ in some important tube.
details. MoQ powder evaporates at temperatures above 700
°C, while WGQ; does not sublime below 140C. Therefore, at
the prevailing reaction temperatures (around 8%), the
sulfidization of MoQ and WQ powders occurs by the gas-
phase and solielgas reactions, respectively. This means that,
prior to the IF-WS synthesis, the precursor oxide nanoparticles
of a desirable size and shape must be prepared. In the case o
IF-Mo0S,, the synthetic process consists of the following three
main steps: (1) evaporation of Mg@owder; (2) condensation
of the oxide vapor to give Moy nanopatrticles in the gas
phase; (3) Su|fIdIZ.atI0n of Mog, nanopartlclesln the redlZJ.Clng The first gas-phase synthesis of IF-Mo®as carried out in a
atmqsphere. While steps 1 and 3 were St“‘?'Ed b%@ n horizontal reactot* A mixture of N, Hp, and HS gases was made to
detail, step 2 was not well understood and is elucidated in the fiq through the MoGvapor above a boat with trioxide powder heated
present study. Thus, the major task of the present study was toto 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 zotes.

Thus, a separate temperature control is required for the evaporation
of the MoQ; 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 oft1 °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 Mp@owder in the inert
atmosphere of N The oxide powde(~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

oy
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unravel the details of the growth mechanism of IF-MoA&s

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-Mo$ synthesis. This result affords a precise control over
e reaction products (yield and size) and reproducible synthesis
f these nanoparticles. This step is a prerequisite for a scale-up
of the IF-MoS-phase synthesis.

Experimental Section

(15) Feldman, Y.; Frey, G. L.; Homyonfer, M.; Lyakhovitskaya, V.;
Margulis, L.; Cohen, H.; Hodes, G.; Hutchison, J. L.; Tenne JRAm.
Chem. Soc1996 118 5362.

(16) Rothschild, A.; Frey, G. L.; Homyonfer, M.; Tenne, R.; Rappaport,
M. Mater. Res. Inngatations1999 3, 145.

(17) Remskar. M.; Skraba, Z.; Cleton, F.; Sanjines, R.; LevyAppl.
Phys. Lett.1996 69, 351.

(18) Remskar, M.; Skraba, Z.; Regula, M.; Ballif, C.; Sanjines, R.; Levy,
F. Adv. Mater. 1998 10, 246.

(19) Zelenski, C. M.; Dorhout, P. K. Am. Chem. S0d998 120, 734.

(20) (a) Mastai, Y.; Homyonfer, M.; Gedanken, A.; Hodes, &lv.
Mater. 1999 11, 1010. (b) Avivi, S.; Mastai, Y.; Hodes, G.; Gedanken, A.
J. Am. Chem. S0d 999 121, 4196. (c) Avivi, S.; Mastai, Y.; Gedanken,
A. J. Am. Chem. So@00Q 122 4331.

(21) Feldman, Y.; Lyakhovitskaya, V.; Tenne,RAm. Chem. So&998

120, 4176.
(22) Berkowitz, J.; Inghram, M. G.; Chupka, W. A.Chem. Phys1957 evaporation from the bucket was time independent. For very long
26, 842. experiments £4 h), the temprature of the buck&t was increased
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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,Ntream 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 (In,) 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 (HS), 3 (forming gas KHN,) and 4 (N). The forming

gas was provided to the reactor in different flow ratgg)and volume
percents of hydrogefCy, = 1 + 8). The HS concentration G,s)

was varied from 1 to 4%.

Finer control of the K concentration was achieved by dilution of
the forming gas with K (flow controller 4). The gas pressure before _—
and after each of the flow controllers was determined by manometers. Figure 2. Schematic representation of the reaction products, which
A significant increase in the gas pressure after flow controller 1 was precipitated on the quartz rod, chemically identified by EDS
indicative of the obstruction of nozzles c by the reaction product. analysis.

The oxide evaporation temperatuiig)(was varied from 710 to 810
°C, keeping the nozzles’ temperatur&,)( where the sulfidization  that both hydrogen and43 gases diffuse from the middle tube
begins, almost constant (8@0 10 °C). The product was collected on |y into tube a against the nitrogen gas flow.

a ceramic filter with tortuous paths. Typicallyy150 mg of MoQ
powder was sublimed, from which only 50 mg of IF-Mo&as obtained

x=0.1

After evaporation, the Mo®vapors are heated-up and are
as a single and isolated (pure) phase withir65h. The rest of the carried by thely, toward the nozzles inside tube a of the reactor.

material was transformed into various phases, which were depositedAlONd this path, the Mo@clusters are reduced by hydrogen,
inside tube a. and they partially precipitate on the upper part of the quartz

The reaction products were analyzed by X-ray powder diffractometer '0d- EDS analysis of the precipitate indicates that the degree of
(XRD:; Rigaku Rotaflex RU-200B) with Cu & anode (1.541 78 A), reduction of the molybdenum oxide increases toward the lower
transmission electron microscopy (TEM; Philips model CM-120), and part of the tube, close to the nozzles’ exit ¢, where the hydrogen
scanning electron microscopy (SEM; JEOL 6400), equipped with an concentration is higher. The reaction of MgQ with the
energy-dispersion spectrometer (EDS; Link model ISIS). Samples for diffusing H,S gas (from b to a) leads to the formation of MoS
TEM analysis were prepared by suspending the powder in ethanol, usingand its deposition on the lower part of the rod. The separation
an uItrasoni_c bath, an_d subsequent drip_ping of the susp_ension on thgp space (height) between the reduction and sulfidization
grid and drying. The size of the nanoparticles was determined by TEM aactions is mainly attributed to the difference in the diffusion
Zgig?:ﬁ%?esed on a statistics over a few hundereds nanoparticles forlength of hydrogen.,, and HS, Li,s, due to the difference in

' the diffusion coefficient D) of the two gases. The latter is
inversely proportional to\)2, whereM is the molecular weight
Results of the gas Mu,s = 34; My, = 2).

Various experimental parameters that influenced the reaction When strong hydrogen diffusion occurrgty, > h), the
product were controlled in every experiment. However, it is M0Os powder inside the bucket was reduced. On the other,hand
appropriate to show here the effect of only the main parameters, N0 reduction of oxide powder inside the bucket was found when
such asTy, To, Ch, Chys Inn Jre, Si—nozzles' cross-sectional the precipitation helght of the suboxide was a few millimeters
area, ancd—bucket height, whose dependencies can shed light Pelow the bucket heigft, < h). ThereforeLy, andLy,s were
on the formation mechanism of IF-MaSThus, the dependen- ~ determined by the precipitation height of the suboxide and the
cies of the reaction products on each parameter, which wassulfide on the quartz rod. The difference in these two parameters

varied around its optimum value, while keeping the others (Ln, — Lu,s) characterizes the spatial separation between the
constant, will be shown. reduction and sulfidization reactions of the Mg@apor and is

To elaborate the growth mechanism of the nanoparticles, thedeS|gnated here as the “reduction volume” or “reduction path”.

reaction intermediates should be probed. Unfortunately, the The reIationEhipdbetV\(/jedmz, Lizs, 3nd _MOQ yallgor sctirefam,
present experimental setup did not permit the analysis of the ‘]Moosﬁ on cr)]ne ha” »an 'F]:MQEF”O qu“r?n (vield and size), |
gas-phase composition in situ during the reactidowever, on the other hand, as a function of the main experimenta

precipitates of different colors, indicative of the oxide intermedi- parameters, is presented here. o
ates, were observed on the inner side of tube a. a. Effect of N, Gas Flow,Jn,. The hydrogen diffusion length

To studv the composition of these precipitates in areater Lu, could be varied from a few millimeters (from the nozzles’
) Study P precipr 9 exit) to ~90 mm, which is the height of the buckgt). The
detail, a thin (1 mm) and long quartz rod was inserted into the hat infl dL | a
reactor and placed under the bucket in tube a (see Figure 1 parameter that influenceds, (andL,s) mostly wasly, (Figure
. . . ; 3). Increasingly, led to a decrease iby, (andLu,s) and to a
This rod was easily accessible after the reaction and was ana- o oose of the IE nanoparticle sizes (see Fighrata lower
lyzed by EDS. Different reduced phases of molybdenum oxide P 9

. temperaturgT, = 765 °C) and higherdy,, increasing thely,
(M0Os-, MoO,, and even metallic Mo), as well as molybdenum .leads to a decrease in the fraction of IF phase in the product

sulfide, were observed as separate phases on the rod, which '?Figure 3b). At a higher temperatur@, = 785 °C) and
. o —

tsct](()e\;(vi:tsi%h;rgr?:/lcriltljilc:negl?)ltiraesgls I\,(I/ngbvsi?Q lé)m <o)>(<|(ie1|523klr:own smallJy,, the yield of the IF phase remains unchanged (100%)
- (Figure 3a).

turns out, therefore, that the reduction and sulfidization reactions This figure shows also that wh was below~10 mm
X : R . dy, ,
of the oxide nanoparticles already occur in this tube. This meansmostly 2H-MoS platelets were obtained. Thg, had negligible

(23) Wells, A. F.Structural Inorganic ChemistryOxford University influence on the ?Vaporatiqn rate of the Mp@owder under
Press: New York, 1984; pp 5+592. the present experimental circumstances.
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The effect of the nozzle cross-sectional aggan Ly, was also

Figure 5. Effect of H,S concentrationCh,s, in forming gas on

rather important and can be attributed to several factors. First, hydrogen diffusion lengthl.,,, and IF yield.T, = 725°C; Jy, = 38

according to the diffusion (Fick) la## the diffusion fluxes of
hydrogen and b5 (Ju, and Ju,s) are linearly proportional to

mL/min; Cy, = 5%.

the cross-sectional area of the opening (nozzles). The secondyradient. The relationship between,Gnd the fraction of IF
reason is the hydrodynamic regime of the reactor. In this reactor, phase in the product was nonetheless found to be much more
two counterpropagating fluxedy, andJrg) cross each other at  complicated. Under the specific conditions of the present series
the nozzle’s exit (c). It was found that increasing the nozzle of experiments T, = 765 °C, Jv, = 44 mL/min), increasing
cross-sectional area by a factor of 2 led to an increada:of  the hydrogen gas concentration led to an increase in the fraction
from 10 to 23 mm. Nonetheless, a simple relationship between of IF nanoparticles in the product. However, at lower temper-
S, and IF formation was not observed, since variation in this atures(T, < 720 °C), the fraction of IF nanoparticles in the
parameter influenced many of the other experimental parametersproduct decreased with increasi@y,. This point is further

in a nontrivial way. discussed below.

Another important effect is related to the inadvertent pre-  d. Effect of H,S Concentration, Cy,s. While most of the
cipitation of reduced Mo®in the nozzles, which tends to clog  experiments in this work were done with 4% of$in the
them and thereby disturb the reaction parameters. Carefulforming gas, a few experiments were carried out in lowg® H
matching of§, to the kinetics of the reaction and the fluxes concentrations. Figure 5 shows the effect @BHtoncentration

averted this undesirable phenomenon.
c. Hydrogen Concentration, Cy,, in the Forming Gas.

(Ch,9) on the diffusion length of the gas as determined from
the height of the sulfide deposits on the quartz rod. As expected

Increasing the hydrogen concentration in the forming gas led from Fick’s law, a simple monotonic dependence is observed.

to an increase dfy,, while Li,s remained unchanged (see Figure
4). According to the diffusion (Fick) law# the diffusion flux
(Jn, and Ju,s) is linearly proportional to the concentration

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

Note also that, at these low temperaturés € 725 °C), the
fraction of IF-MoS increases first and then decreases as the
concentration of kS is increased.

e. Effect of Temperature.In this section, the influence of
the oxide evaporation temperatufig, on the various fluxes is
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temperature ). Calculated hydrogen fluxes at= 0 (entrance to 200
nozzles) and’, = 800°C for different b concentrations in the forming (b) : I
gas, are also shown.

studied. First, the temperature of the nozzlg$ Wwas influenced 150 - .
to a minor extent, only, by varying,. T, varied in the range L
800+ 10 °C, while T, was changed between 710 and 800 -
during these experiments. Therefore, to a first approximation, 100
the diffusion fluxes of H and KBS (n, and Ju,s) through the - {
nozzles from (b) to (a) are taken as temperature independent in& [
the reaction. Figure 6 shows the calculated fluxes of hydrogen i [y
in the entrance to the nozzles (c) for three different volume = 50 -
concentrations, as indicated (for a detailed explanation, see |
discussion below). - i J J
Contrarily, the MoQ vapor streamJwoo, (Imoo; = vIM, o L } ceh e
where v (g/s) is the evaporation rate, measured by weighing 0 2 4 6 3 10 12
the bucket before and after the experiment, &hek 144, the s
molecular weight of Mo@), was very sensitive to variations in Ino0s 107 " (mole/sec)
the temperatureTy). The temperature dependence Rfo,
exhibited an exponential character (Figure 6) and corresponds 720C 740C 765C 785C I, c
to the exponential dependence of the oxide vapor pressure on(c) N
temperatureTy).23 [
The highest value ofdvoo,, which is obtained by the ,s (1 1 I1I v
evaporation of Mo@ powder, is a fraction of a percent of the
nitrogen gas fluxdy,) in tube a. Therefore, the Ma@ux does
not influence the hydrodynamics of the gas flow in the reactor.
Finally, the dependencies &f,s, Ln,, and IF particle size
on theJwoeo, (To) are shown in Figure 7 for two Nluxes. These ~ r 0%
results are much less obvious if not counterintuitive. Most ,f 15 |
strikingly in this respect is the fact thdty, increases for L 504
increasinglvioo, (Figure 7a). Itis believed that this result reflects (¢
the coalescence of the partially reduced oxide clusters into larger 10 0%
nanoparticles (see eq 2 below). Four different temperature zones
can be discerned in this figure, reflecting the variation in IF
size and yield. Zone IT, = 710-725 °C) in Figure 7a
corresponds to low and constant values@f where 2H-Mo$
platelets are initially obtained. Whekyoo, increases, the fraction J
of small IF nanoparticles (1% 10 nm) in the product increases

; o St Figure 7. (a) Effect of duoo, (To) 0N Lair (Ln,, Lu,s) and IF yield for
gz)lr?grle 7a,b) and reaches 100% at the right-hand boundary ofJN2 — 38 mL/min. (b) IF-Mo$ size VS o, for . = 38 mL/min. (c)

. Hydrogen diffusion lengthly,, and IF yield vs.J for Iy, = 44
In zone Il (725-740°C), the product is made of a pure IF- m{/mi?]. T. = 800°C: C(i ng%. s :y4 ml_,mi'\:f% N
» In ’ 2 1 2 )

MoS, phase and.y, increased steeply witlwoo, Simulta-

neously, the IF nanopatrticle size increases as shown in Figure WhenLy, reaches its saturation value (zone T, = 740—

7b. The large error bar, which is presented in Figure 7b for the 780 °C), large IF nanoparticles with a relatively narrow size
particles in zone 1, is due to the large size distribution, obtained distribution were obtained. Subsequently, a slow increase of the
from TEM analysis. IF nanoparticles size witbwoo, (Figure 7b) is observed. Note
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IF formation is not as simple. Nonetheless, it can be concluded,
that the IF phase is obtained if the reduction volurbg, (—
Lu,s) is larger than some minimum value, which depends on
the experimental conditions. The dependencies9bn Jvoo,

(To), which are shown in Figure 7, are intuitively nontrivial.
The flux of H, propagates in the opposite direction to that of
MoOsz, and an increase idmoo, Would be expected to limit the
diffusion of H, 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 MaSnanoparticles in the gas
phase, addressing the salient experimental data.

b. Model. b.1. Chemical ProcessesThe first step in the
synthesis of IF-Mogis the evaporation of Mo® The vapor
phase of MoQ@ consists predominantly of the molecular clusters

o A S X 22 i
LRt g}h&‘@?‘yg Mo030g, M04012, .and M@Oss. T_he cluster MgOg, which has
et iy .ﬁﬁ a hexagonal ring structure, is the most stable one, and
b : 7 consequently, it is the most volatile cluster of the three. In the
20nm next step, these clusters condense into larger oxide nanopatrticles.

i According to the established IF growth mechaniSroxide
nanoparticles 5300 nm in size are necessary as a precursor
for the synthesis of IfMo0S,.

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 pAa%eould 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 (MRO
clusters, in the present synthesis.

A gas-phase reaction of diffused hydrogen with J2¢
molecular clusters leads to their reduction into molybdenum
suboxide. Being nonvolatile at the present working tempera-
tures?® the reduced clusters condense into suboxide nanopar-
ticles—Mo0Os-x. Once the condensation step is completed, i.e.,

Figure 8. Typical images of IF nanoparticles with two different B L .
g b 9 P tnanoparticles 5300 nm in size have been obtained, they are

sizes: (a) 200 and (b) 2000 A. The inset in (b) shows an enlarged par

of the large IF nanoparticle. allowed to encounter $ and the conversion into fullerene-
like MoS, nanoparticles commencés.

that, for high values oo, the fraction of IF nanoparticles A schematic representation of this process is shown in Fig-

in the product decreases again (zone Ty,= 780-810 °C). ure 9. The reduction reaction of the vapor oxide (molecular

When the N flow is increased from 38 to 44 mL/min, the clusters) with hydrogen (see Kone, Figure 9) can be described
general form ofLy, and IF yield vsJyoo, is preserved (Figure ~ bY €4 1,

7c). However, increasing thesNas flow leads to a reduction K

in Ly, and the yield, and so a pure IF phase could not be obtained (MoO,), + mH, — (M0O4_y5)5+ MH,0 1)
under this high M flux. It is to be noted that the number of

experiments in this series was more limited than in Figure 7a wherem=1, 2, 3, ..., 9, depends on the relative concentrations
and b. of (MoOs); and H.

The present study shows that full control of the production  The coalescence of nonvolatile suboxide molecular clusters
of IF nanoparticles with sizes ranging from 1%10) to 250 with trioxide molecular clusters is a multistep process, which
(£50) nm has been accomplished in this study. Figure 8 showsresults in the formation of suboxide nanoparticles (seedte,

a typical image of IF nanoparticles with two different sizes.  Figure 9). This multiple step reaction can be schematically

represented through an apparent single step of condensation:
Discussion

a. Forward. From the present results, it is clear that pure p(MoQO,);+ sS(MoO _”],3)32 (MoOg_,), (2)
IF-MoS, phase with a well-defined size and relatively narrow
size distribution could be obtained by this process. Variations wheren = 3p + 3s are integers and = s(nm/n).
of the nitrogen flow rate Jy2), S, and Cy, and Cys lead to The reduction process is being continued while hydrogen
changes inLy, and Lu,s, respectively, which affects the encounters suboxide nanoparticles (see zopeHigure 9),
production of the IF phase. These dependencies follow the (25) Knacke, O.; Kubaschewski, O.; Hesselmann,TKermochemical

changes 00mo0s Jh @nd Jhs, Which can be estimated from  prgperties of Inorganic SubstanceSpringer-Verlag: Berlin, Heidelberg,
Fick laws (see below). The correlation betwdgp (Ln,s) and 1991; pp 12641272.
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J,008) = =Dy (Cy (<)/0%) ©)

Since H 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

Molecular clusters
MoO; OCy, (tX)/0t = Dy, (6°C,y (1)/0X) = KG, (tX)  (6)
. M003.x

wherejp,(x,t) (mol s cm™?) is the flux density of the hydrogen
stream;Cp,(x,t) (mol/cn¥) is the H concentration at a given

Nanosize clusters locationx at timet, Dy, (c?/s) is the diffusion coefficient of

MoO hydrogenk = k; + ks, andkCi,(t,X) is the rate of the chemical
> reaction for H.
MoO;, The two counteracting processes, diffusion of iHto the

reaction zone in (a) and its runoff by means of a chemical
reaction with MoQ, establish a steady statéG,(t,x)/0t = 0)

H' N, of nonuniform (decreasing)4toncentration along the hydrogen
diffusion pathLy,. An appropriate equation for such time-
independent process is

Dy, (0°Cyy (¥)/0X") — kG (x) = 0 v

The solution for this equation, with the boundary conditions

Figure 9. Scheme for the lower part of reactor a, depicting the MoO QHz(X = Q) = Cﬂ2 andCy,(x = Lu,) = 0O, yields the concentra-
evaporation, reduction, and suboxide nanoparticle formation. The tion profile of Hy:
sulfidization of these particles is initiated close to the nozzles’ exit.

C () = ;|__2Ca2 exp[—x(k/DHz)l/z] _

which have been formed in reactionst2. o y
0.2C;, expx(k/Dyy) (8

k3
(MoO;_,+ H, = (M0O;_y_yp)n + H,0 ©) Note, thatCﬂ2 is the B concentration near the nozzles. As will

o . N be shown beIowCﬂ2 differs from the initial B concentration
The rate of reduction is proportional to the specific surface area , the forming gas ((;E'G)

of the nanopatrticles. It was showhthat the reduction rate of SubstitutingLy, = (DZHJk 12 and eq 8 into eq 5, the hydrogen
molybdenum oxide powder decreases substantially as a resulfy,y is obtained:z
of aggregation of the nanoparticlels, ¢ ks). Therefore, the

condensation of the molecular (Mg@clusters into (Mo@-,)n _ (o
nanosize particles inhibits their fast reduction process. i, = G, B/l )12 XXy, ]+ 0.2(expidLyy ]) (9)

The condensed oxide nanoparticles flow to th& diffusion
volume, i.e., close to nozzles exit (see zong Kigure 9). At
this point, synthesis of IF-MgScommences. 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-Mo$ after a few hours reaction:

In the following, Jy, at the entrance to the nozzles, i.e.xat
= 0, is calculated and compared dQo0,. Ln, is determined
experimentally, as described above, and is 2.4 cm for 5% H
(in the forming gas). The value @y, at 0 °C is tabulatedf
and isDy,(0 °C) = 0.688 cni/s. The following relationshiy
was used to calculate the value Bf, at a givenTy:

K Dy, = Dy (0°C)((T,, + 273)/273§" (10)
(MoOg_,), + 2nH,S+ (1 — x)nH, —
(MoS,), + (3 —X)nH,0 (4) from which the value 6.7 cs was obtained foby, at T, =

800°C.
Assuming the validity of the ideal gas relationsh,” at

The presented model reveals that in this process the st0|ch|-the reactor temperaturds is

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 fIhy (
and the flux of MoQ (Jwoo,)- It is found that fullerene-like ~ from which the value 5.6< 10 "mol/cn? was obtained for
nanoparticles are obtained fd,/Ivoo, < 1, only. CEG at T, = 800 °C and 5% hydrogen (volume percent in the
b.2. Calculation of the Hydrogen Flux. The hydrogen forzming gas). Taking into account the cross-sectional area of
stream from tube b to tube &, is determined by a diffusion  the three nozzlesy, = 0.08 cni), through which the diffusion
and, consequently, obeys the one-dimensional Fick’s laws of occurs, the K stream is calculated to be
diffusion* (27) Morachevski, A. G.; Sladkov, I. B2hysical-Chemical Properties

of Molecular Inorganic CompountsChimia: St. Petersburg, 1996; pp
(26) Sloczynski, J.; Bobinski, WJ. Solid State Chenl991 92, 436. 290-293 (in Russian).

CL(T,) = C(0°C)(273/(T, + 273)) (11)
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I, = Sin, (12) As shown in Figure 6, increasing the temperature, inside the
interval suitable for IF formation, leads to an increase in the
ratio Juoos/Jn,, Which in turn leads to bigger nanopatrticles size
(see Figure 7b).

c. Discussion of the Experimental Results in the Light of
the Presented Model. c.1. Effect oflueo, 0N 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-MoS,. It is now used to explain the nontrivial behavior of
Ln, in Figure 7a.

Zone | in Figure 7a correspond to low and constant values
of Ln, (andLp,s). Ly, is ~1 cm andLp,s is ~0.7 cm (Figure 5)
in this zone. This region is also characterized by a relatively
small values ofluoo, (See Figures 6 and 7). While 2H platelets
are preferred on the left-hand side of zone |, IF-MaBe
obtained on the right-hand side of this zone. The hydrogen flux,
Jn, was estimated from Fick’s law (see above). It is found to
be on the same order of magnitude as the lowest valudgdof,

(on the left-hand side of zone I). Therefore, on the left side of
zone | there is sufficient hydrogen to reduce the molecular
clusters into metallic Mori= 9 in eq 1), which reacts rapidly
with H,S28 Furthermore, the low density of the molybdenum
oxide clusters in the reduction volume results in a low encounter
probability and consequently smalkb nm) nanoparticles.
These reactions, however, are unable to produce IF.M35

' and the formation of platelets (2H-MgSs therefore initially
preferred. As the flux of Mo@increases in zone |, 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
o 0 . X probability becomes higher. This leads to a gradual increase in
1.8 x 107" mol/s for 5% H in the forming gas. , the suboxide nanoparticles size§ nm) and, consequently, to

b.3. Comparison between the Experimentally Determined 5 increase in the fraction of the IF phase in the product, toward
Jmoo, and the CalculatedJu,. The bisection pointTy) of the the right end of zone |.
curves,Jvao, and J,, in Figure 6 defines two separate zones: 744 | is characterized by a dramatic increasé.gf(from

:)O the left an((jj I\t/lo the ”lght IOf this pomftf Slncehthe (;eactlon 9 to 24 mm) and gradual increase in the (IF) nanoparticles
etween(;;lan d 0Q ”;10 eclu es |sﬂverye f|0|r(]ent the reduction ;05 (from 20 to 100 nm) adieo, increases modestly from
process depends on the relative fluxes of the two reactants. To, 1, 4 108 mol/s. Note that no external parameter that

the left of Ty, including T, Ju;/Juoo, = 1, and consequently, .14 jead to an increase iny, has been varied during this
the hydrogen excess results in a very efficient reduction of the experiment

molybdenum oxide clusters into pure Mp(or metallic Mo) The explanation for this nontrivial behavior can be found in

Felllrtlcles. Ill? this tga}sz’l (t:he reactlortll W'giﬁv?oesl rtlolt ?fford the increasing rate of the condensation of the oxide clusters (eq
ubter.ens-] ethpartlc es: ?nsequgn Y, = -thozs? Tﬂe ef?rare 2) relative to their rate of reduction (eq 1). The surface area of
obtained in this temperature regime. To the right f Ju,/ the oxide nanoparticles, which is available for further reduction,

oo, < 1, and the amount ofi—_ln the reaction zone is Sma”‘?f diminishes as the particle size increases. Therefore, the overall
than that of MoQ@. Condensation of the clusters to suboxide rate of reduction (eq 3) goes dofnand the hydrogen can

MoOs_, nanoparticles, with subsequent IF-Ma§/nthesis, is propagate deeper into tube a of the reactor, i.e., increasing

preferred in this regime. Thus,Ly, increases whiléy,s remains almost constant, leaving

_ As shown in Figure 6, the temperature dependencled, more time (larger reduction volume) for the small oxide clusters
is appreciably stronger than_that dt‘?. _Thus, at elevated to be reduced and condense onto the oxide nanoparticles. This
temperatures,voo; > Jn,. This H, deficiency leads to an o 4q 1o coarsening of the oxide nanoparticles prior to their

l?]efﬂ(:lsnt{jeductlon ar;dl, co.nst?]quentlly, ln%f]fluefnt fortrr?atlon th encounter with the k8 gas. The larger oxide nanopatrticles are
€ suboxide nanoparticies in this region. 1neretore, tNere exiStSyp 5.5 cterized also by smaller deviation from stoichiometry

also an upper temperature thresholh)(for the IF phase (smallerx in eq 2), which is favorable for IF formatioft:?!

formation. This temperature cannot b‘? calculated from the Therefore, the average size of the IF nanopatrticles in the product
present model and is determined experimentally, only. increases in this zone (see Figure 7)

TemperaturesT, and T, can be varied to some extent by It is believed that the increase &fy, in zone Il can be

changlng the hydrogen goncentratlon in the forming gas and attributed to the condensation reaction, which is induced by the

the nitrogen gas flux, which goes through tube a. . reduction of the (Mo@)s clusters.

at Tdr;fefetreenr:{) ir;(;%gerr?ngsnzzrnzﬁgt?gigewzz ?g&ﬂglee?;gﬁzgg_ Zone Il of Figure 7 cc_)rresponds to high and constant va!ues
of Ly, and also to the disappearance of small IF nanoparticles

tally: for Cy, = 5% — T1 = 725°C T, = 785°C; for Cy, = - i i
8% — Ty, = 735°C T, = 790°C and is in a good agreement in the product. In parallel, increasiriyo, leads to a gradual

with the calculated values. (28) Grange, PCatal. Rev.-Sci. Eng.198Q 21 (1), 135.

The variation of the temperature of the nozzlég (ith the
oxide evaporation temperatur&,) is rather modest. There-
fore, to a first approximation the diffusion flux of hydrogen
from (b) to (a) is independent of thk,. Figure 6 shows the
calculated values aly,, which are represented by straight lines.
For this calculation, T, was taken to be 800C 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 Mo@clusters (see section on Effect ok N
Gas FlowJy,). The N 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 ody, in (a) andJeg in (b) and the cross-
sectional areas of tubes a (0.08%m@mnd b (2 cm), the laminar
rates were calculated to be 5 and 0.5 cm/s, respectively.

The outflow of N from the nozzles dilutes the hydrogen
concentration in the forming gas by a factor of J&D‘ﬂ'( =
CFG/IO) if the mixing is completed instantaneously. In reahty,
the mixing is not ideal and therefore this factor is higher. A
similar effect holds for the k& 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 flud,(x = 0) from this model is
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and small increase in the IF particle size, from IB®0 nm
on the left-hand side of zone 1l to 158 50 nm on the right-
hand side of zone lll. This indicates that in this zone the rate of
reactions 2 and 3 do not vary with increasidgeo, and
consequently the IF size reaches it maximum value.

Zone |V of Figure 7 is characterized by an increase of the
fraction of 2H-MoS platelets to the expense of the IF
nanoparticles in the product. Alsiieo, increases exponentially,

Zak et al.

tures. Contrarily, for 1%Ch,s, 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 thal\as, (To)
increases so do the nanoparticles’ sizesZ60 nm); Figure 3a

beyond a certain threshold. This effect is attributed to the large shows that asly, decreases the nanoparticles size increases

density of (MoQ); clusters in the vapor phase, which cannot

(100—300 nm). The error bar for eackoo, is indicative of

be effectively reduced by the hydrogen gas. Therefore, the the scattering of the particles’ size in the particular synthesis.

efficacy of the condensation process of the clusters into
molybdenum suboxide nanoparticles diminishes.

Since the N gas flow (Figure 7c) is in a direction opposite
to the H 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 i, and therefore, the reduction

The size of the fullerene-like nanoparticles was shown to be
determined by the size of the suboxide nanopartiés.turn,
the size of the suboxide nanoparticles depends on the density
of the oxide molecular clusters, MOy (Juoo,), in the reduction
volume and the size of the reduction volumgy( — Lp,s).
Variation of these parameters permits full control of the average

volume shrinks and the conditions for the IF phase synthesis particle size.

become less favorable. This effect is further discussed in the

next section.

c.2. N, Flow Rate. As shown in Figure 3a,b, increasidg,
results in a decrease bf,, Lu,s, IF yield, and IF size. When
Jn, is very large (48 mL/min), the hydrogen diffusion length-
Lu, is rather small. Consequently, the reduction volume, as
expressed by the reaction path = Ly, — Lu,s is rather small
(<6 mm). The small value oAL does not permit a sufficient
reduction of the oxide and condensation of the suboxide

nanoparticles. Therefore, the amount of IF nanoparticles pro-

Itis important to emphasize that the experimental parameters
are not independent of each other and in fact are highly
correlated. For example, to decreasgfldx (Ju,), one could
decrease th€y, in the forming gas, but also to increase the N
flow rate or decreas, These examples illustrate the complex-
ity of this process and explain the great difficulty in controlling
the synthesis of IF-MoS

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

duced under these conditions is rather small (10%) and increasesechnique; beyond this size, 2H platelets were favored during
asJn, decreases (see Figure 3b). A pure IF phase is obtainedthe growth process.

whenAL is larger than 17 mm. From now on, A4 increases

(JIn, decreases), the size of the IF nanoparticles increases. A
larger reduction path allows for the reduced oxide clusters to

Conclusions
Taking advantage of the MaGsublimation at the reaction

encounter the suboxide nanoparticles for longer period of time temperature, the synthesis of IF-Mo®ith in situ control of

and thereby to grow in size.

c.3. Hydrogen Concentration in the Forming Gas.In
Figure 7a, a pure IF phase is obtained at 765However, if
the N, 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 Hinto the reactor. Increasing the

the particle size was elaborated. A model for Mo©nano-
particle &5 nm) formation from (Mo@)3-s molecular clusters
during the IF-Mo$ synthesis was proposed. According to the
present model, the partial reduction of (M§&.s molecular
clusters with hydrogen leads to the formation of MoQ©
nanoparticles 5300 nm in diameter, which are the precursor
for IF-MoS; nanoparticles. The parameters, which influence the

hydrogen concentration in the forming gas leads to an increaseformation of the nanoparticles are the temperature, flow rates

of the diffusion flux of hydrogen from (b) to (a) and to an
increase irLy,, which consequently leads to an increase of the
IF yield to 100%, as shown in Figure 4.

c.4. Effect of HbS Concentration, Cy,s. The influence of
Ch,s became perceptible at smdioo, WwhenLy, is low. Thus,
the effect ofCy,s was studied under low-temperatire= 725
°C, nitrogen flux (38 mL/min), andCy, = 5% and is sum-
marized in Figure 5. Decreasing 6f,s from 4 to 1.7% leads
to a decrease ihp,s (from 7 to 3.5 mm), whileLy, remains
unchanged (12 mm). Consequently, the reduction volumeg (
— Ln,s) and the IF yield increased (from 5 to 8.5 mm and from
50 to 90%, respectively). An additional decline @fi,s to 1%
resulted in a depletion of # in tube a and the disappearance
of IF in the product. It was showih that the kinetics of the

sulfidization/reduction processes on the surface of the oxide

nanoparticles varies strongly with8 concentration. When the

H>S 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

of gases, concentrations of gases @hd HS), 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-MoS phase, an original gas-phase reactor was con-
structed that allowed a reproducible synthesis of a pure IF2MoS
phase (50 mg/batch) with controllable size. Based on the recent
experience with IF-Wgnanoparticles, where understanding of
the growth mechanism was a key to the successful scale-up
effort to produce 26100 g/batch? the present production level
of IF-MoS;, could be further scaled-up soon.
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sulfide monolayer averts the fusion of the oxide nanoparticles JA002181A

into micrometer-size particles and promotes the growth of

concentric spherical layers, characterizing fullerene-like struc-
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