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Abstract: Recently, milligram quantities of MagSfullerene-like nanotubes and negative curvature polyhedra
(generically callednorganic fullerene-like material, If; were reproducibly obtained by a gas phase reaction from

an oxide precursor (Feldman, Y.; Wasserman, E.; Srolovitz, D. J.; Teni8giéhcel995 267, 222. Srolovitz, D.

J.; Safran, S. A.; Homyonfer, M.; Tenne, Rhys. Re. Lett. 1995 74, 1778). The present work focuses on the
mechanism of the synthesis of IF-M@1 = W, Mo). The IF material is obtained from oxide particles smaller than

ca. 0.2um, while larger oxide particles result in 2H-M$latelets. The key step in the reaction mechanism is the
formation of a closed layer of MSwhich isolates the nanoparticle from its surroundings and prevents its fusion into
larger particles. Subsequently, the oxide core of the nanoparticle is progressively converted into a sulfide nanoparticle
with an empty core (IF). Taking advantage of this process, we report here a routine for the fabrication of macroscopic
quantities of a pure IF-Wsphase with a very high yield. As anticipated, the size distribution of the IF material is
determined by the size distribution of the oxide precursor. The present synthesis paves the way for a systematic
study of these materials which are promising candidates for, e.g., solid lubrication.

Introduction of nanotubes and nested fullerenes cannot be adequately
controlled and is relatively wide. For both species, the
innermost layer serves as a template for the growth of the top
layers, which usually grow outwatd; 13 possibly in an accretion
(snail-like) growth modé# The synthesis of inorganic MX

Notwithstanding the efforts to develop synthetic routes for
the mass production of carbon fullerenes, nested fullerenes
(“buckeyonions”), nanotubes, etc., the generic technique for the
synthesis of such phases remains arc-dischaegel subsequent - RV .
extraction from the soot. A similar process is also used for the M = Vz M?]’ X b_ S, Ee) ngt)st((ejd fu'ﬁg?”if“ke s(tjrucdtures and
synthesis of BN or BCyN, nanotube$:f metallocarbohedrenes hanotubes has been described recefitlyhis study demon-
(Met-Cars)’ endohedral fullerenésand nanotubey.Obviously, strated that the propensity to form polyhedral structure is not
this method is neither very easy to control nor amenable to an unique tt(') lcarbfozn,Dtiut IS (Ijlkely to l{)greascsorgmonplattl:e among
easy scale-up. The ensuing purification processes are tedioug'anoparticies ot 2~ layered compourrissubsequently, a gas
and time consuming, which influences the cost of the final pha;e synthes!s_of molybdenum tI’IOXId(_-Z‘ precursor was used to
product. Key steps in the growth mechanism of these productsqbta'n afew r1n2|II|grams of IF-Mog(IF = inorganic fullerene-
were elucidated®1!but the detailed mechanism of the reaction K& material):-* In contrast to the synthesis of carbon-nested

is still a matter of controversy. Therefore, the size distribution ful!erenes, the present process lends itself for_ an easy scale_-up
using low-cost feedstocks, and therefore relatively inexpensive

T Department of Materials and Interfaces, Weizmann Institute. products could be foreseen

1EDe_partr’r_1ent of Chemical Services, Weizmann Institute. In thi I We pr nt | model for the arowth mechanism

8 University of Oxford. S paper we present a model tor the gro echanis
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Figure 1. Schematic representation of the growth model of the
inorganic fullerene-like phase of M@JA) and WS (B) nested
polyhedra from oxide nanopatrticles.

served beforé’ The inert surfacesulfide layer prohibits fusion

of nanoparticles into macroscopic entities, which would lead
to the formation of the 2H-Mgphase. Fast hydrogen diffusion
into the nanoparticle leads to a complete reduction of the oxide
core into MoQ or W10y, Within @ minute or twd® Subse-
quently, the oxide core is progressively converted into the
respective sulfide (IF) through a slow diffusion-controlled
reaction, which ends after ca. 30 min. Consequeitily,size

of the IF particle is determined by the size of the incipient oxide
nanoparticle

Experimental Section

Molybdenum oxide is volatile under reducing conditions above
700°C, and hence a gas phase reaction was adopted for the synthesi
of IF-M0S,.1° A detailed account of the gas phase reaction for the
synthesis of IF-Mog has been reported previousfyand will be
repeated only briefly here. Typically a portion of 30 mg of MpO
powder &99% pure) is heated>800 °C) and is slowly reduced to
MoOs_4 by a stream of forming gas (typically 5%#95%N,).2° The
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diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and optical
absorption measurements.

Results and Discussion

Figure 2 shows a series of TEM images demonstrating the
progression of the conversion of Me@articles into IF-Mo$
(A—D). Since, the sublimation of the Ma(powder is not
instantaneous, the extent of oxide to sulfide conversion of the
nanoparticles is not uniform, particularly at the early stages of
the process. Therefore, the number of M&ers varies from
point to point on the quartz collector. Parts-& of Figure 2
exhibit a series of stages in the conversion of a typical sample,
which was retracted from the oven after 5 min. Figure 2A
shows a number of Mofparticles covered by two to three
closed layers of Mog Particles covered with four layers of
MoS,, which were collected at another location of the quartz
slide, are displayed in Figure 2B. Figure 2C shows a particle
with at least six closed layers of MaS Electron diffraction
(inset) confirmed that the inner core of the IF consists of
Mo0,.2t Most remarkably, a growth front of eight layers, which
is seldom observed, is advancing into the oxide core on the
upper-right side of the IF. The intermediate zone between the
crystalline MoQ core and the advancing front of IF-MgS
appears structureless and is likely to consist of a disordered
molybdenum oxysulfidé An assortment of completely con-
verted IF-Mo$ particles is shown in Figure 2D, and is typically
obtained after 30 min of reaction time at 85D. The growth
mechanism can be regarded in terms of a substitution model
which is the opposite of the accretion model proposed previously
for carbon fullerene$! The size of the Mo@.« nanoparticles,

gvhich sublime from the Mo@source and are deposited on the

quartz collector, increases with the temperature from 10 nm at
820°C to 100 nm and above at 87C.! Therefore, the size of

an IF particle is fully determined by the size of the incipient
oxide nanoparticle which serves as its precursor. It is noticed
that, while the particles exhibit a more spherical-like morphology

suboxide sublimes and effuses out of a nozzle where it crosses a streanin the beginning of the sulfidization process (Figure 2A,B), they

of H,S gas mixed with a forming gas. It takes8 min. for the entire
load of MoG; to sublime. The reaction products are collected on a
quartz substrate, which is positioned 3 cm away from the crossing point
of the two gas streams and is maintained at the same temperagfe (

°C). The collected nanoparticles are progressively converted into nested

IF polyhedra within ca. 30 min of firing time. The average size of the
oxide nanoparticle and the ensuing IF-Ma®reases with temperature.
It was found that above 90€C, platelets with 2H-Mog structure
abound, and become the sole product above @50

Since WQ is not volatile at these temperatures, the solid @vO
gas (HS + Hy) reaction was preferred, in this ca$e. The starting
material for the synthesis of IF-W$ a WQ; powder &99% pure),
with particle sizes smaller than ca. 150 nm. To avoid agglomeration
and fusion of the heated nanoparticles, the powder was carefully
dispersed on the entire floor of the reactor boat, resulting in a complete
exposure of the nanoparticle surface to the reacting gas. 2H-WS
platelets were predominantly obtained under the following experimental
conditions: packing of the powder was too compact; oxide particles
with sizes above 0.2m were used; the reaction temperature exceeded
900°C.

Complementary information on the reaction mechanism was obtained
by using a combination of the following techniques: transmission
electron microscopy (TEM), electron diffraction (ED), X-ray powder

(17) Sanders, J. V. Electron Microsc. Techl986 3, 67.

(18) Transition Metal OxidesKung, H. H., Ed.; AmsterdamOxford—
New York—Tokyo, 1989, Vol.45, p 93.

(19) Although the main route for the synthesis of IF-Mafas through
the gas phase reaction, a sefigas reaction was used as well. The details
of the reaction were very similar to those of IF-Y®ut the yield was
appreciably smaller due to sublimation of some of the oxide powder.

(20) The forming gas is necessary in order to reduce the more stable
oxide and divert the reaction path to the sulfide products.

show faceted morphology, with casps and well-defined angles
at the end of the process (Figure 2D). Moreover, the outer layers
which are obtained in the initial stages of the sulfidization
process remain mostly unchanged at the end of the process
(Figure 2D), while the innermost layers with a smaller diameter
exhibit much more faceted morphology. Edge dislocations are
being formed and observed between the two morphologies. A
continuum model has recently been used to calculate the shape
of nested fullerenes. This model predicted a phase transforma-
tion from structures with spherical shape into faceted ones as
the thickness (number of layers) of the particles increases beyond
a critical value or the radius of curvature decreases beyond a
certain critical valué. This qualitative agreement between
theory and experiment indicates that continuum models can
provide useful guidelines for IF synthesis.

In the case of IF-Wg the precursor is solid W§and hence
the size of the oxide nanoparticles (Figure 2E,G) determines
the size of the IF particles (Figure 2F,H). In contrast to the
molybdenum case, the,B gas reacts uniformly with all oxide
particles in the powder, and hence the number of sulfide layers
is essentially the same for all intermediate IF-YdRide
composite nanoparticles.

Figure 3 presents the XRD spectra of a ¥Y\{@wder acquired
during different stages of the annealing process. The XRD
pattern of the precursor coincides with that of ¥Y(Bigure 3A).

(21) Schmidt, E.; Weill, F.; Meunier, G.; Levasseur,in Solid Films
1995 260, 21.

(22) Schmidt, E.; Sourisseau, C.; Meunier, G.; Levasseufhn Solid
Films 1994 245, 34.
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Figure 2. TEM micrographs showing the gradual transformation of molybdenum oxide nanopatrticles into lHAeB) nested polyhedra. The
electron diffraction pattern inset of (C) is consistent with (111) of Mdo@) shows a typical assortment of tungsten oxide particles with nm
diameter which are transformed into IF-Wgarticles of a similar size (Figure 2F). (G) and (H) show a similar transformation for tungsten oxide
particles with a diameter in the range of-5000 nm. Note that both oxide and IF phases contain very asymmetric particles. The interlayer spacing
of 0.62 nm is clearly visible in (A} (D).

After 2 min of annealing, a small WSpeak was observed are 654.3, 593.5, and 490 rfi#¥* After 3 min of annealing
(Figure 3B). Astonishingly, the entire nanoparticle core has time of the oxide, the A and B excitons of the sulfide are already
been reduced to WO, at this early stage of the process. This noticeable. The C exciton partially overlaps with the dominant
fact can be understood assuming that hydrogen and water diffuseabsorption of Mo@ at 500 nné> The intensity of the oxide
appreciably faster than sulfur diffuses to form sulfide. Figure absorption decreased, while the exciton absorption increased
3C shows the state of the sample after 8 min of annealing, while With annealing time. After 90 min of annealing time, the exciton
Figure 3D displays the XRD patterns of the sample after 15 absorption peaks of the sulfide increased by a factor of 2.5
min of annealing time. The fully converted sample (120 min) compared with the 3 min annealed sample. The oxide absorp-
is shown in Figure 3E. The shift of the (0002) peak of the tion dlsappeared completely. The transfqrmatlgn of @nto .
IF-WS; phase (Figure 3D) indicates a lattice expansion of ca. |F-WSz (Figure 4B) was followed by using stirred alcoholic
2% between two adjacent WSlabs along the-axis, which is suspensions at room temperature. The omple qbsorptlon peak
attributed to the strain in the bent layérszurthermore, since of the composite oxide/sulfide (6 min annealing time) could be
the number of atoms in the layer increases with its radius, the easily resolved in the difference spectrum and is substantially

layers cannot be fully commensurate. This discrepancy can bered shifted, compared to the literature vatieRemarkably,

partally alleviated by latice expansion along tbewis. A —qcni8 POREIE SRS T EFEES, S T
similar study has been carried out for the conversion of MoO 9 g

. i - - of the excitonic absorption, which could be possibly assigned
into IF _NIoS_z, the results being essentially the same as those to a quantum size effedt.
shown in Figure 3.

. . . Being a surface sensitive technique, XPS could be ideally
Optical absorption spectra at different temperatures were

S suited for investigating the sulfide/oxide superstructure. Ac-
measured for a sample consisting of IF-MoShell)/MoG, cordingly, a few milligrams of IF-Wgpowder, synthesized by
(core) particles at different annealing times, including a pure ¢ sojig-gas reaction, was pressed onto an indium plate, which
IF-Mo$; film (Figure 4A). A reference 2H-Mogcrystal was — hrovided the support and electrical contact for the powder. A
measured as well. Comparison of the spectra of IF-MoS
that of the (2H) bulk phase at the same temperature reveals a (23) Wilson, J. A.; Yoffe, A. D.Adv. Phys 196§ 18, 193.

red shift in the excitonic absorption of the former. The A, B, _ (24 Frey, G. L. Homyonfer, M.; Feldman, Y.; Tenne, R. To be
d C exciton r at 667, 616.3, and 525 nm, respectively ™' e) o . _
and % excitons appea ' " » Fesp Y: (25) Porter, V. R.; White, W. B.; Roy, Rl Solid State Chen1969 1,

in the IF phase at 175 K, while their energies in the 2H phase 359.
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sequence of four samples consisting of composite nanoparticles 0.9, = =T T 0 T ot ceo . 700 7-502.3

of IF-WS; (shell)/tungsten oxide (core) at different annealing nm

times at 850°C were investigated: sample 1, 2 min; 2, 6 min, Figure 4. Optical absorption measurements of (A) a composite IF-

3, 15 min; 4, 2 h. In addition, reference WS§&rystal, WQ Mo0S,/MoO, sample obtained through the gas phase reaction and

powder, and a clean indium specimen were measured. Theaccrued on a quartz substrate after 3 min of annealing (dashed line)

fraction of oxide particle converted into sulfide was determined and after prolonged (90 min) annealing (solid line) and (B) a composite

in two independent ways, which gave similar results. The IF-WS,/WO3- sample after 6 min of annealing (dashed line) and after

concentration of the two cc;mpounds was determined fir'st from 120 min of annealing (solid line). The inset shows the difference spectra
- - . oxide absorption peak). Annealing conditions are as in Figure 3.

the analysis of the total concentrations of the various elements,( ption peak) g g

and second from the tungsten-8p spectral region which was  Table 1. Conversion of Tungsten Oxide into IF-WSDbtained

deconvoluted into sulfide (4%, 32.6; 4§, 34.75; 5p), 38.3 from the Deconvolution of the W (4f) Peaks in a Series of XPS

eV) and oxide (shifted to higher energies by 3.0 eV). Shirley SPectra

background subtraction was used for spectral anai§sihile annealing

the indium contribution to the total signal was less than 1%, __time (min) lox (%) lsul (%) dia k

carbon made up to 18% of the total material. Yet, by comparing 2 38 62 0.6 2

the molybdenum and sulfur line shapes with those of pure 2H- 6 1 89 15 5
15 15 98.5 3.3 11

MoS,, it was concluded that the carbon was not incorporated
in the fullerene-like nanoparticles. The source of carbon
contamination is likely to originate from adsorbed organic  ®Monochromatized Al K (hv = 1486.6 eV) was used for the
molecules having a mean thickness of % A. Such an excitation. A monchromatized beam (0.7 eV resolution) and a base
adsorbant signal does not seriously influence the analysis of itsPressure of 10" Torr were used.
support, the fullerene-like material. Removal of the carbon
contamination by ion sputtering was harmful to the IF structures expressed ds, andloy, are summarized in Table 1. The relative
and is not presented. Additional confirmation of that point came intensitieslsy/lox can be converted into sulfide shell thickness
from local (TEM) electron energy loss measurements, which (d) or number of dichalcogenide layerk) (by considering a
proved (due to its low sensitivity to surface contamination) that model type polyhedron, for which the shell and core intensities
each nanopatrticle consisted exclusively of Mo and S. are calculated face by face:
The spectra of 2H-WScrystal and oxide powder, with line
broadening permitted, were used as model line shapes for the
deconvolution. The total error in this calculation was estimated lsuflox = Z\ann,su/ anln,ox (1)
at 1%. The high reliability of the deconvolution procedure was
reaffirmed by using different pass energies. The results, whereWw, is the projection of the face area on the plane normal
(26) Practical Surface Analysi2nd ed.; Briggs, D., Seah, M. P., Eds.; O the electron take-off direction (that is, parallel to the substrate
John Wiley & Sons: New York, 1990, Vol. 1, p 233. plane). For simplicity we choose a regular polyhedron for the

120 <0.5 >99.5
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Table 2. Kinetics of the Reduction of WONanoparticles into Suboxides and its Conversion into IF;\8&idied by XRD for Samples
Prepared under Different Experimental Conditions

gas atmosphere; av size of reactn av particle size

flow rate (cn¥/ min) oxide particleg¢m) temp €C) time (h) product of reactn (XRD) (um) (TEM)
H,S; 4.5+ Hy(5%)/Ny; 100 35 500 3 wQ not changed
640 1 WS + W5¢Osg 0.1-3
820 1 WS + W50Os5+ W18049
870 2 2H-WS + W1g049 2-10
970 1 2H-WS +WO; + W18049
150 18 waQ not changed
300 9 WS/WO;
400 4 WS/WqOsg
700 0.3 IF-WS&/WOsg
820 0.3 IF-WS/W15049
820 2 IF-WS
870 2 IF-W$S + 2H-WS, + W1g049 2-10
970 1 2H-WS + W;g049 + WO,
H2(5%)/N,; 100 560 2 waQ not changed
570 15 WoOss
600 1 WOs5 + W + W1g049 0.06-0.1
650 15 WQ +Ww 0.03-0.1
770 0.2 WegOao 0.1-1
820 0.3 WOz 1-2
970 0.3 WQ+ W 1-6
3-5 630 1 waQ not changed
650 15 WQ + WO, 0.1-3
750 0.2 WoOsg
970 0.3 WQ 1-6
H2(1%)/N;; 100 ~0.1 600 1.5 \"e) not changed

analysis. The twd, terms in eq 1 are given By occur between 570 and 65C, whereas a powder consisting
of small (0.1um) trioxide particles reacts at 40C. Further-
o= Od/cosﬂn dz IO(suI) exp(~z/A cos6,) + more, whereas the sulfidization of s_mall particles occurs in a
mode which leads to fullerene formation, the large particles form
turbostratic-like W$ particles at temperatures lower than 600
°C, and 2H-WS platelets upon sulfidization at elevated tem-
Dy+dicod, peratures. In the absence of3Hin the reactor, the reduction
nox = Jaicos, dz lyox €XP(2Z/A cOsO,) 2) process is incomplete, and hence, it can be concluded that this
gas serves as an auxiliary reducer of the oxide. Finally, the
The two terms i, s Stand for the contributions from the top  lower the concentration of hydrogen in the forming gas mixture,
and bottom shells of theth segment (slope)lo is a factor the slower was the reaction and the higher was the temperature
proportional to the partial density of tungsten in the com- required for the reaction. These considerations permit one to
pound: losuy = 10/3; lox) = 10/3.7. Dy is the thickness of the  fine-tune the reaction conditions to the point that the 1F,MS
oxide under the face of segment 1 is the escape depth of the ~ phase can be synthesized with a very good reproducibility and
photoelectrons. yield.

The calculated values fal/A andk, which are given in Table Having the details of the reaction mechanism in mind, a
1, were obtained for a polyhedron having only six different modified reactor for the synthesis of macroscopic quantities of
slopes (segmentsy, = 15°n,n=0, ...,N — 1. The number IF-WS, was constructed. The cross section of this reactor is
of slopesN = 6, is a representative value. In fact the numerical illustrated schematically in Figure 5. To increase the amount
result becomes only weakly dependentdrfor N > 3. A of the (oxide) reactant and expose its entire surface to the gas,
similar model for spherical particlesN(— ) was recently a bundle of tubes 7 mm in diameter each was placed inside the
publishec?® The value ofA was taken as-2 nn?® and that of main tube (40 mm diameter) and the oxide powder was
the interlayer distance as0.62 nm?® The results of this dispersed in them, very loosely. Typicallyg of IF-WS; could
analysis are in good agreement with the TEM observations; the be obtained in a single batch, with a conversion yield of almost
main error stems from the variation in the number of Néyers 100%3° This is remarkable in so far as the yield of production
in the various nested polyhedra. XPS analysis of the MoO of carbon-nested fullerenes (and nanotubes) by the arc-discharge
into IF-Mo$; conversion has been performed as well. Although method is a few percent only.
the results of the analysis were qualitative in nature, the same | postulating a likely mechanism, we bear in mind the
trends as for the tungsten compounds have been observed. following: First, the reduction by Fiis fast; the lower oxide is

The kinetics of the tungsten oxide reduction/sulfidization formed. Second, the formation of a thin sulfide skin controls

process was inferred from XRD measurements, and some typicakhe size of the fullerene. Since the size is thus fixed, the further

in addition to the experimental parameters, the size of the oxide

particles plays an important role in the reduction/sulfidization

reaction. For large (35 um) particles, the reduction to the

suboxide WOsg and the subsequent sulfidization into WS
(27) Reference 26, p 135.

(28) Sheng, E.; Sutherland, $urf. Sci 1994 314 325.
(29) Reference 26, p 207.

Dj+2d/cog,
Jo

L dcog,, 92 logsun exp(-z/4 cosb,)

A radial diffusion inward of the reactant ¢8) and a similar
diffusion outward of the product @#D) through the nanoparticle
walls would appear unlikely in this case. Also, the large
differences in time scales for the oxide reduction and the

(30) The major loss occurred from the evaporation of the oxide prior to
the conversion with the first layer of the sulfide.
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the high temperature of the process (1100 K), facilitates the
intercalation/diffusion of the reacting species.

Conclusions

Since the outer surface of the IF material exposes only the
basal plane of the compound, this material lends itself to solid
lubrication applications. Indeed, IF nanoparticles do not stick
to each other or the substrate and exhibit poor surface adhesion.
Their approximate spherosymmetric shapes imply easy sliding
and rolling of the nanoparticles, and consequently very small
shear forces are required to move them on the substrate surface.
Preliminary results tend to support this hypothéidhe oxide
core (Figure 2C) provides the necessary mechanical toughness

to the IF particle. Preliminary experiments indicate poor
Q quartz tube » WO3 powder catalytic activity of the material, which is understandable,

considering the surface termination by inert sulfur atoms. On
@ reoting element the other hand, the potential of IF material for photocatalysis is
promising due to the strong optical absorption, large surface
area, and documented chemical inertness under illumin#ion.

Figure 5. Cross section of the reactor which was used for the synthesis
of bulk quantities of IF-W&
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