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Abstract: Near-monodisperse microscopic nanostructures of MeSe prepared by thermal decomposition

of two different ammonium thiomolybdate molecular precursors, {pMioS, and (NH;),M03S;3, within the
confined voids of a porous aluminum oxide membrane template. Our low-temperaturéG}s@nthetic

route yielded large gquantities of hollow tubules of Ma$ uniform size and shape that were80 um long

with diameters of 50 nm and wall thicknesses of about 10 nm. More irregularly shaped, mainly solid fibers
of MoS; with diameters of about 200 nm were synthesized by changing the template to one with larger pores.
The morphology of the fibers or tubules was studied with respect to the choice of precursor, the characteristics
of the precursor solutions, the incorporation methods, the template characteristics, and the heat treatment during
firing. The Mo$ structures were characterized by scanning and transmission electron microscopies, energy
dispersive spectroscopy, electron and X-ray diffraction, and optical absorption spectroscopy. This template-
assisted growth process yielded large quantities of MaBules or fibers that could be isolated from the
template. However, under the growth conditions studied, the formation/db8 “bronzes” could not be
discounted.

Introduction The concept of Mgnanoclusters and tubules (4 Mo, W)

) ) has been beautifully demonstrated by the group of Téfrfé.
The family of layered metal chalcogenides, M@ known — Theijr processes involved the production of macroscopic quanti-

to adopt a number of packing structures resulting in either ties of fullerene-like nanotubules and negative-curvature poly-

trigonal prismatic or octahedral coordination of the metals within hedra, or nested inorganic fullerene-like clusters, through the

a layered matrix of chalcogeAsknown forms for molybdenum

reduction of an appropriate metal oxide precursor by ah H

Su|fldeS InC|Ude the 1T- and 2H-typeS In the|r bulk form, the st mixture at temperatures above [S1(119)] They have Shown
quasi-infinite metal sulfide sheets stack one above the other,that, left to their own devices in the gas phase, nanoparticles
held tOgether thrOUgh van der Waals interaCtiOﬂS, to Createand nanotubules of lesform as “onion-skin clusterg® or

tremendously stable phases, 2M0S,, as an example. This

“nested clusters and tubules” that are often spherical or

compound, in particular, is known to be a useful catalyst for cylindrical in appearance and are hollow in the cefer.

hydrodesulfurizatiot;” an electrode in high energy density
batteries and an intercalation host to form new materfals®

Although they have extensively studied the reaction mechanisms
associated with particle formation from the gas phase and the

For each of these applications, the important processes occulintercalation of these particles with other metal atdfithey

either at the surface or at the exposed edges of the,Mg8rs.
Nanoclusters of MopSwould provide a tremendously increased

have not been able to control the size or size distribution of the
nanospheres or nanotubules, which often range fr@nto over

surface area of exposed edges on which to perform chemistry.several hundred nanometers in diameter within a single syn-
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thesis. Others have examined this process as well, withoutthe size and shape of the Mp8&ibules and fibers prepared
realizing the ability to control the size and shape of the nano- therein are dictated and could be controlled by the template.
tubules or clusters*?> We have demonstrated herein that by The shapes, sizes, and morphologies of these MaSoscale
using a template, control over the size and size distribution of particles have been studied as a function of solvent, solution

nanofibers or tubules of M@Rould be achieved through more
delicate means.

precursor, reaction conditions, and template pore sizes.

The use of a template to form nanoparticles of materials is Experimental Section

not a concept that is unique to #3° Indeed, an entire issue

Materials. (NHs):M0S, was provided by the Exxon corporation,

Of ChemIStry Of Materlal,SVO|Ume 8., ISSUG -8, haSbeen dedlcatEd (NH4)2M03813 was prepared as described by literature methoalsd
to reviewing nanocluster chemistries including the use of was characterized by infrared spectroscopy. All distilled water used
templates to prepare nanostructures of materials such as nanowas purified and deionized (to 18 ®) with a Barnstead NANOPure

tubular graphit¢® Our unique contribution to this chemistry
has been to utilize the low-temperature reactions ofiéti—43
to produce Mog from solution-phase precursors within the

porous template of electrochemically-generated aluminum oxide
It has been demonstrated that ammonium

membraned#45
thiomolybdates will decompose to form Mg&nd gaseous

byproducts, reactions 1 and 2. Differential thermal analysis

water purification system. Aluminum oxide templates were either
purchased or prepared by standard mettbéfs Templates with large
pore diameters were obtained from Whatman International Ltd.
(aluminum oxide membranes sold as having @& pores have
measured inner pore diameters of 088.04um) and lengths as long
as 60um. Templates with pore diameters of 50 5 nm were
synthesized in the C. R. Martin laboratory at Colorado State. The
general procedure for the growth of thin porous sheets of aluminum

(DTA), thermogravimetric analysis (TGA), temperature pro- oxide was as follows: two aluminum plates, 14 e cm x 2 mm
grammed reduction (TPRY), and X-ray diffraction have been used were used as an anode in a 4% oxalic acid bath-dt®C and were

to monitor the decomposition procesdést346the decomposi-
tions of both (NH),Mo0S,; and (NH;)2M03S;3 occur within 1 h
at 450°C in a H/N, atmosphere to form MaS

H, + (NH,),M0S, — MoS, + 2NH; + 2H,S (1)

6H, + (NH,),M0,S,;— 3M0S, + 2NH, + 7H,S  (2)

We report herein that the soluble ammonium thiomolybdate

precursors of Mler have been incorporated into well-defined

electrolyzed at a constant voltage of 40 V. Growth of the porous oxide
was continued for 10 h to obtain a 30n thick sheet of amorphous
aluminum oxide with pore diameters of 50 nm. The template was
removed from the aluminum plate by gradually reducing the cell voltage
(to ~2—4 V) and soaking the electrode for several hours in a room-
temperature solution of 25% sulfuric acid. After the oxide detached
from the electrode, the colorless membranes were rinsed several times
with deionized water and broken into small piece€(5 cn?) for the
templating reactions.

Reactions. Stock solutions of the (NBH:MoS, thiomolybdate
precursor were prepared in the solvents of choice (dimethylformamide

porous aluminum oxide membrane templates. The cylindrical (DMF), ethylenediamine (en), pyridine (py) (0.034 M was saturated),
pores sizes and size distributions within these membranes aredimethyl sulfoxide (DMSO)), and all solutions were filtered through a

controllablé*45with diameters ranging from 50 to 330 nm for
this study and lengths approaching-380 um; consequently,
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fine glass frit to ensure that the solids had dissolved in the dark red-
brown solutions. Stock solutions of the (WEMo03S;3 precursor were
generally less concentrated (0.05 M) due to saturation of the solvents.
General introduction of the precursor solution was accomplished by
dipping a 5x 5 mm piece of the template into the appropriate
thiomolybdate solution (alternative methods are described in the Results
and Discussion section, 2.Aide infra). The solvent was evaporated
to dryness on a 7€C hot plate in air. The loaded template was placed
on a stage in a fused silica flow-through tube and placed in a tube
furnace. An atmosphere of 10%/M, was introduced into the tube
flowing at a rate of 20 mL/min while the template was heated at 10
deg/min to 450°C. The furnace was held at this temperature for 1 h
before step cooling to room temperature. During the heating process,
the reddish brown color of the precursor-laden templates turned to the
expected black color of MgS

Sample Characterization. UV —visible absorbance spectroscopy
was performed on a Hitachi U-3501 spectrometer within the spectral
range 306-800 nm. Specimens for transmission electron microscopy
(TEM) and electron diffraction were prepared by dissolving away the
aluminum oxide membrane. This was accomplished by placing a
mn? section of the template containing the produatsiil Msolution
of NaOH that was left undisturbed for 30 min. The solution was slowly
removed via syringe and was carefully replaced with distilled water to
rinse the product. The rinse step was repeated two more times. The
remaining black solid was collected on a Formvar-coated copper TEM
grid and was allowed to air-dry before analysis. Images were obtained
in a JEOL JEM 2000EX Il TEM working at an accelerating voltage of
100 KV. Electron diffraction patterns were collected in this instrument
at a camera length of 120 cm. Specimens for scanning electron
microscopy (SEM) were fixed to a piece of copper tape and soaked in
1 M NaOH fa 2 h toremove the aluminum oxide template. After
careful rinsing with deionized water in three static rinse baths, the tape

(46) Brito, J. L.; llija, M.; Hernandez, PThermochim. Actd 995 256,
325-338.

(47) Hadjikyriacou, A. I.; Coucouvanis, Dnorg. Synth199Q 27, 39—
53.
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was attached to an SEM stub and was sputtered av& nmlayer of

gold. Images were obtained with use of a Philips 505 SEM operating
at an accelerating voltage of 30 KV and a spot size of 15 nm. Energy
dispersive spectroscopy (EDS) was performed in the microscope with
use of a Kevex Super 8000 analyzer. f‘.._

Results and Discussion

Lir

1. Fiber Characterization. In all cases, firing the precursor- m;iﬁ
laden templates at 45 in a 10% H/N, atmosphere for 1 h P,
yielded dark black or brown templates. These observations were s
made regardless of the method by which the templates were
impregnated by the various thiomolybdate solutions, see Section =
2, below. Thus, either dipping the templates into ammonium
thiomolybdate solutions or the dropwise application of the
solutions to the templates produced darkly colored products upon
heating in a reducing atmosphere. Analyses of the membranes
by electron microscopies, by EDS, and by optical absorption
spectroscopy revealed that the black material within the pores
of the template was MgS Furthermore, the morphology of
the Mo$S produced within the template was affected by the
solution characteristics (concentration, solvent type) and the pore
diameters of the templates. Microanalysis by energy dispersive
spectroscopy in the SEM showed a single peak at 2.3 keV, the
energy expected for both the sulfug, kand the molybdenum
Lo emissions. Because th‘?se. elements both produce X-r_ays cn;:igure 1. An SEM micrograph of the Mogfibers after dissolution of
the same energy upon excitation with an electron beam, it wasy, & 4 iminum oxide template. The magnification is 10900
not possible to use these data to calculate the stoichiometry of
Mo:S in our fibers. This experiment did confirm, however, the
absence of other impurities in the MpS

A. Structural Characterization. Initial SEM imaging of

T L

L um ZE8 K 1B
R e
VSRS ST e

BE 4

Another interesting observation about the morphology of the
tubules is also illustrated in Figure 2. Regions of high electron
- h ” density appear along the tubules and transect the hollow regions
the samples before_dlssolutlon of the templates did not reveal of the tubes at apparently regular intervals 020 nm. High
dramatic changes in the overall appearance of the samplesy,,qqification TEM, together with stereoimagery, confirmed that
following the heat treatments. In fact, there appeared to be V€Y these are blockages along the tubules. Figure 3 also shows that
little material (MoS) that had accumulated on the surface of the MoS layers curve along the transecting region, extending
the templates, and the pores were still visible on the surface Ofout from the surface of the tubule. These are rel’atively thin
the template. Even when the templates were broken to revea'formations that contain 1215 MoS layers and do not appear

E:e Inner surrl:acei of tlhe pores, th% pores zilppeared to be hg”gwto be merely gradual thickening of the tubule walls but are rather
owever, when the aluminum oxide template was removed by \,hiq e formations that are reminiscent of Tenne’s hollow

dissolution treatments with 1.0 M NaOH solutions, fibers of “nested fullerene” formations of MoSand WS!416 and
MoS; that appeared as a “negative image” of the porous templateKyotani’s graphite tubule®

were observed. The SEM image shown in Figure 1 reveals . .
that the fibers are, in general, intact throughout the lengths of . Attempts were made to investigate the structure of the tubules

the pores even after the membrane template is removed. The'[? i"tu within tlhf temt?late by powdber X-ra(ljy d'ﬁraCt'ogl(XED)’
fibers in this image were prepared with 0.1 M (3$MoS, DMF bu ?f_oc_)r czual yt'Ft)'a erp:/l W;re_ ct) jerfiﬁ. E[)':estumal { _?ﬁause
solutions. The fibers in Figure 1 are 3n long and 50 nm insuthicient quantities ot Mowexisted within the template. 1he

- - RD pattern from bulk precursor decomposed in 10%NA
Vn\:'gfe ?Ir(]a?(iglc:e nI(i)ktes';a;P:Werect as bristles of a brush but appeaét 450°C, Figure 4, is consistent with the observations made
Imaging by,TEM revealed that the fibers observed in the SEM bernE'"?r:l a_ng insiiz;ai ton;n_hf;z;%?gﬁi&cell with lattice

images were actually hollow tubules of Mg3$ubules that are parameters = . a e T .
reminiscent of Tenne’s MaSnanotubules prepared by high- The structural nature of the tubules was investigated by
temperatureX800°C) gas-phase reactions of Mg@nd HS 14 electron diffraction. A typical electron diffraction pattern of a
A typical TEM image of the Mogfibers is shown in Figure 2. Selécted region of the tubules is shown in Figure 5, together
The fibers in this image were prepared with 0.1 M ()4V0S, with the fibers and their orientation (750Q00magnification).
DMF solutions. These fibers were isolated from the template All Of the powder rings resulting from the electron diffraction
by the dissolution of the aluminum oxide by 1.0 M NaOH could be indexed to the pattern of 2#1oS, by using the

solutions as mentioned above. Another image of the fibers method of comparative spacingg!®49 Careful scrutiny of the
shows an end-on view and confirms the hollow nature of the Powder patterns revealed a preferential orientation of the
fibers, Figure 2b, where there is greater electron density on theCrystallites that is manifested in the intensities of several
edges of the fibers than in the center. The wall thickness of "€flections parallel and perpendicular to the tubule axis. Dif-
the tubules was determined with use of high magnification fraction from the (00 family of planes occurs only perpen-
(500000<) TEM imaging, wherein the individual layers of MS gilcular to the tubule axis, suggesting that this family of planes
could be observed and counted, Figure 3. Tubules preparedS Parallel to the tubule surface or that the Mdayers are
with a 50 nm diameter porous membrane displayed wall -

thicknesses that ranged fror® to 13+ 1 nm (4-22 layers of Eflgg é(é::lgt?)gl,li.N\;.\/.E3lgc%r‘c1)?12biﬁraction in the Electron Microscope
MOSQ). MacMillan Press: London, 1975.
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i ,___i_' T T
Figure 3. A high magnification image (500000 of the tubules of
MoS,. The two arrows labeled (a) show the tubule wall thickness and

the two arrows labeled (b) show the transecting region of the tubule.
Arrow (c) points to an individual MoSlayer.

*

Intensity

Figure 2. (A) A TEM image of the Mo$ tubules after dissolution of
the aluminum oxide template. The magnification is 1200QB) A
TEM image of a bend in a tubule of Me®mphasizing the hollow
nature of the tubules. The magnification is 200000

stacked parallel to the tubule surface, consistent with the 100 200 300 40.0 50.0 60.0
observation made at high magnification, Figure 3. Other 26

electron diffraction spots, such as the (103) reflection, also Figure 4. The XRD pattern for the product resulting from the thermal
showed directional variations in intensity; these were relatively decomposition of bulk (NE):MoS, in 10% H/N; at 450°C. Peaks
easy to observe on the negative, but were more difficult to labeled with an asterisk are driffraction peaks from an internal Si
observe in the printed image, Figure 5. The preferential Standard.

orientation observations are also consistent with Tenne’s,MoS o
tubule formatiori8 The general appearance of our spectral data is similar to that

B. Optical Characterization. Optical characterization of ~ Of bulk MoS;, which possesses an intense absorption in the blue
the films was done by UVvisible absorption spectroscopy. region of the spectrum_and weaker absorbances in the red region.
An appropriate amount of MaSvas formed in the template to ~ Single-crystal absorption data reported by Evans and Y8ung
absorb significantly, between 0.5 and 1.0 absorbance units inShowed strong, broad absorption peaks centered at 397 and 448
the range from 300 to 800 nm. The template was not dissolved "M; the data for our tubules show only one broad peak near
away from the Mofibers as it acted as a sample holder. A 380 nm. Evans and Young also reported two smaller but sharper
typical absorption spectrum is shown in Figure 6. This sample Peaks at lower energy at 598 and 658 nm in room-temperature
was prepared by the repeated dipping and firing process SPectra. Our tubules display two weaker peaks in this area.
described below in Section 2.A as the “dip-dry-dry” method. Although these peaks are weak and somewhat broad, their
Throughout the optical range studied, the aluminum oxide POSitions were reproducible and compare well with those of
template did not absorb significantly except at wavelengths lessthe bulk spectrum. _ _
than ~350 nm where it absorbed strongly. These spectra Our data do appear to be shifted with respect to the data
typically displayed a strong, broad absorption with a maximum Obtained by Tenne from their Me®ianoparticle$>>* In their
centered at 380 nm and two much weaker absorptions at 604 (50) Evans, B. L.; Young, P. AProc. R. Soc. London, Ser. 2065
and 660 nm. 284, 402-422.
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" | Figure 6. The optical absorption spectrum of a typical 50 nm tubule
'w ,..-.-""_ —_— sample. The two arrows denote the weak absorptions in the red region
f-‘-- of the spectrum described within the text. The dashed-line spectrum
’_,} . : shows the absoprtion of the template on the same scale.
-
3 porous template were varied in an attempt to understand how
— the fibrous tubules of MoSgrew and whether there could be

o any control of the morphology of the fibers produced. Varia-

_ _ _ _ tions in the conditions included altering the method of precursor
Figure 5. (A) An electron diffraction pattern from the tubules in (B). incorporation into the pores of the templates, the molybdate
The orientation of the diffraction image and the tubules are identical. gq;rce (using (Nk)2Mo3Sy3 versus the (Nk),MoSy precursor)

Miller indices of the indexed lines are given. - '
the solvent system, the precursor concentrations, the template
. . . pore size, and the firing conditions.
reports, they described two peaks in the low-energy region of = o Incorporation Methods. The precursor of choice was

the spectrum, at 616.3 and 667 nm, as well as a third, very; ..cq..cad initiall . ;

. , y, by repeatedly dipping the template into a
broad anpl noisy peak at 525 nm. It should be noted that th_e precursor solution and allowing the solvent to dry between
data obtained by Tenne were obtained at low temperatures, Wh"edipping (see Experimental Sectionjde suprd. After a

our data were collected at room temperature. prescribed number of “dip-and-dry” cycles, the precursor-laden
Although the bulk single-crystal optical absorption spectrum templates were fired, as described earlier. A second method
of MoS; has been carefully studied and the peaks assigned toysing highly concentrated solutions was investigated. This
specific transitions, the spectral behawor of nanogrystalllne method involved placing the template on a°Thot plate and
MoS; has not been thoroughly explained as a function of the gjowly dripping the precursor solution onto it. After each drop
particles’ size and shajé although recent studies have been \ya5 added, the solvent was allowed to evaporate, leaving behind
made by Wilcoxon et & and Tenne et & Wilcoxon the thiomolybdate in the pores of the template (“drip-and-dry”).
examined the electronic band structure of nanoparticle(2  sgm analysis of the template after firing revealed that a layer
nm) of MoS and made some assignments based on Wold's 4 MosS, built up on the outer surface and blocked the entrance
previous spectroscopic analysfs.Tenne has studied the low 5 the pores. To complicate matters, it appeared that the pores
energy exciton peaks and presented electronic band structure$,aq not been filled completely, top to bottom, by the solution
based on two adjacent MpSlabs which help to confirm the  pefore the top surface of the template became coated by
nature of the two low energy peaks.The spectral signature  precursor; nevertheless, hollow tubules formed with character-
of our tubules falls within a region bounded by bulk and jstics similar to those reported for the “dip-and-dry” method.
nanoc_luster; moreover, we cannot discount the possibility that A third method for incorporating the precursor into the pores
the shifts from nanocluster spectra may be due to the formationyas tested that attempted to fill the pores before the ends were
of HMoS,; instead of Mog, vide infra, Section 2.G. plugged by the template surface layer as observed in the
2. Variations in Reaction Conditions. The conditions of  dropwise addition method described above. In this method, the
loading and decomposing the molybdate precursors within the template was dipped in the precursor solution and the excess

(51) Frey, G. L.; Elani, S.; Homyonfer, M.; Feldman, Y.; TennePRys. (53) Wilcoxon, J. P.; Newcomer, P. P.; Samara, GJAAppl. Phys.
Rev. B In press. 1997, 81, 7934-7944.
(52) Parsapour, F.; Kelley, D. F.; Craft, S.; Wilcoxon, J.JPChem. (54) Coehoorn, R.; Haas, C.; Dijkstra, J.; Flipse, C. J. F.; deGroot, R.

Phys.1996 104, 4978-4987. A.; Wold, A. Phys. Re. B 1987, 35, 6195-6203.
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solution on the membrane surfaces was absorbed with a A
Kimwipe. After this surface solution was removed, the
membranes were dried at 7C€. This method was known as
the “dip-dry-dry” method. Repeated dipping and drying was
performed before firing the templates. We observed that the
tubules produced by this method were not significantly different
from those described for the “dip-and-dry” or the “drip-and-
dry” methods above.

A fourth method for incorporating the precursor into the pores
was tested to determine if thicker-walled tubules or solid fibers
of MoS; could be produced. The entire process of dipping the
template once into the precursor solution, drying, and firing the
membrane was repeated 15 times with one sample, becoming
known as the “dip-fire-dip” process. As in the “dip-and-dry”
method, this process formed tubules of Mdisat were plugged
at points along the tubule. In addition, Mpfrmed on the
outer surface of the template, indicating that the tubules may
become plugged during the first firing and that additional
dipping attempts did not load a significantly greater quantity
of the precursor into the pore but rather primarily covered only
the outer surface of the template; however, repeated firings did
result in visibly “stiffer” tubules as evidenced by the erect nature
of the tubules imaged in the TEM.

B. Precursor Selection. The reactions of either molybde-
num precursor yielded essentially morphologically identical
results. According to Miler, both of these precursors are
known to decompose under reducing conditions at elevated :'
temperature$!=4355 Tubules that resulted from reactions using
the (NH;)2M03S;3 cluster as a molybdenum source were almost
identical with those formed from the (Nj#MoS, precursor.
The difference noted was that the tubules formed from the
(NH4)2Mo03S;3 cluster precursor showed longer hollow regions
along the flbe_r axis. Plugs transecting the tubese supra from 50 nm templates: fibers from DMF solutions (A), DMSO
were found with both precursors. solutions (B), py solutions (C), and en solutions (D). The images were

C. Solvent Effects. Several other polar solvent systems g taken at the same magnification, 50600
besides DMF were considered for solvent dependence studies:

(py), DMSO, and (en). The template studied contained 50 nm gjumina catalyst supports by a method similar to our “drip-
pores, and the method of loading the template was the “dip- and-dry” method (no. 2). Mier did not report observing any
and-dry” method described above with 0.1 M thiomolybdate structures remotely similar to our tubules. Their STM studies
solutions. One exception to that was the pyridine solutions, followed the decomposition reactions on a surface in situ,
which saturated at 0.034 M. Figure 7 compares TEM images wherein they observed that a thick layer (100 nm) of deposited
of the Mo$ fibers produced by using each of the solvents in precursor (thiomolybdate/DMF on highly oriented pyrolytic
question. Similar morphologies were found for most of the graphite) decomposed into particles of Mas the dimensions
fibers produced with (py), DMSO, and DMF solutions. The 100 x 100 x 50 nm. They suggested that although there was
fibers produced with (en) solutions were more dense than the some crystalline product formation, the molybdate precursor did
others and broke into short pieces1(50-700 nm in length).  not migrate far along the surface to form the crystallites. In
All of these observed morphologies are similar to the morphol- oyr studies, we would expect, based ofillts observations,
ogies of carbon nanotubules prepared by firing poly(furfuryl that the formations we observed within the tubules of the MoS

C]

Figure 7. TEM images A through D illustrate the effects of precursor
solution solvent on the morphology of the tubules of M@®pared

alcohol) in aluminum oxide templates at 2800.% In this resulted from the evaporation dynamics of the solv@mecursor
report by Kyotani et al., they did not offer an explanation for - mixture rather than any annealing process of the Mb&t had
their observations. been formed. Thus, the unigque shapes of Mp®duced by

We believe that the morphologies of the MdfBers resulting our reactions likely reflect the shape of the thiomolybdate
from our processes were indicative of the shape of the precursor left behind in the template after the solvent evaporated.
thiomolybdate precursor remaining within the confining template  The evaporation of a solvent on a surface is itself a complex
after the solvent had evaporated. In the studies that haveprocess, and several recent studies have reported on the
reported the decomposition of these precurébtano evidence  evaporation of pure solvents from a wettable surf4c®. These
was reported for the large-scale rearrangement or annealing ofreports indicated that as the solvent evaporated, the liquid
the Mo$ solid during the reaction at 450C. Miller did remaining formed complex two-dimensional patterns. The
observe in both scanning tunneling microscopic (STM) and forces that generated these patterns are not yet completely
high-resolution TEM studies of their decompositions that very - -
small particles of Mo8 could be found. In general, they 66’@?&3?3@0’ Bouchard-Wyart, F.; RondelezPhys. Re. Lett. 1991,

observed that particles with average sizes of 5.5 nm formed on  (57) Fournier, J. B.; Cazabat, A. MEurophys. Lett1992 20, 517—
522.

(55) Diemann, E.; Branding, A.; Mier, A. Bull. Soc. Chim. Belgl991, (58) Elbaum, M.; Lipson, S. GPhys. Re. Lett. 1994 72, 3562-3565.
100 961-966. (59) Elbaum, M.; Lipson, S. Q@sr. J. Chem.1995 35, 27—32.
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understood. Comparing these studies to the behavior in our
thiomolybdate reactions presented several concerns. Our thio-
molybdate systems included two elements of added complex-
ity: the evaporation or drying of saturated thiomolybdate
solutions was more complex than that of pure solvents (i.e. ours
were binary systems), and the small pores of the templates
allowed or promoted the formation of three-dimensional patterns
as the solvent evaporated versus the evaporation from flat
surfaces. It is likely that the imperfections in the surface of
the template (the error in observed pore diameter is ap-
proximately 10%) play a role in the effects of wetting by
creating a meniscus at points along the pore which, when fired,
creates the transecting regions of the tubules. We cannot,
however, offer a definitive explanation for the many different
formations seen resulting from different solvent systems. These
observations are, however, the focus of our continuing examina-
tions of this method for preparing uniform, homogeneous fibrous
and tubular MQ solids such as WS$ Re$S, and TiS by
precursor decomposition methdis.

D. Concentration Effects. A solution (0.01 M) of (NH).-
MoS, in DMF was used for the dipping process described earlier
to determine the effects of concentration on the formation of
MoS, tubules. The template was dipped 15 times in the
thiomolybdate solution, using the “dip-and-dry” method fol-
lowed by firing. The fibers that formed were not significantly
different from those described above. Tubules with wall
thicknesses similar to those produced from solutions of 0.1 M
thiomolybdate were observed; these also displayed multiple
plugs inside each tubule. Thus, even when a low concentration
of the precursor was used to form fibers, the formation of plugs
inside the tubules could not be avoided.

When the template was dipped only one time in a 0.01 M
thiomolybdate solution, only a small amount of thiomolybdate

was loaded into the template. In these cases, tubules did not

form, but rather narrow sheets of Mpformed that extended

along one wall of the pores. These sheets, as observed by TEM,

were roughly the same width as the template’s pores, but they
were not tubular. These observations suggest that the, oS
more likely to grow along the length of the pore than around
its circumference when there is not enough material present to
form the entire tubule.

E. Pore Size Effects.Changing the template pore size from
50 to 330 nm diameters significantly changed the morphology
of the resulting fibers. Long fibers (£8B0um) similar to those
produced in the narrow templates were produced, as seen i
SEM, but TEM imaging showed that these fibers displayed
different morphologies than those made in the narrower

templates. Fibers made in the larger pore templates displayedc

some small sectionsy1 um long, that appeared as hollow
tubules, but the majority of fibers had formed as partial tubules
or as a thick section or film of MoSalong one side of the
pores, as seen in Figure 8. These thicker sections o, Mese
generally~170-230 nm wide. Stereoimages obtained in the
TEM confirmed that these sections were not round fibers, but
films that had formed along one side of the pore. These films
appeared curved and split lengthwise along the length of the
fiber. The surface of the MaSilms was jagged and uneven,
resembling the surface of Mg@®bserved in Miler's thermal
decomposition of a thin film of thiomolybdate precursor on a
flat surface®® Dimples were also observed in the surface of
these fibers. All of these observations suggest that as the
template pores become large enough, above 300 nm, intac
tubules of Mo$ can no longer be formed and the control of

(60) Zelenski, C. M.; Dorhout, P. K. Manuscript in preparation.
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Figure 8. (A) An SEM image of the fibers grown in large pore (330
nm) aluminum oxide after the template was dissolved away. (B) A
TEM image of two isolated fibers showing regions that are solid (filled)
and hollow (incompletely filled).

tubule size and morphology is lesthe precursors simply

decompose into films of MoSrather than tubules.

F. Heat Treatment—Annealing. In their studies of M3
nanoclusters, Tenne observed that annealing fullerene-like
lusters at temperatures above 8&Dyielded changes in the
crystallinity of the products obtainéd1® Tubules of MoSwere
isolated from our template by dissolution in basic solutions by
a manner similar to that used to prepare TEM samples described
in the Experimental Section. It was necessary to remove the

tubules from the template as firing the template caused the
formation of crystalline AIO; which destroyed the structural

integrity of the Mo$ tubules. The tubules were collected on a
silica microscope slide and dried before firing. Samples of
MoS; tubules were fired at 908C for 90 min under a nitrogen
atmosphere. The tubules were collected on a TEM grid and
examined at high magnification. The TEM image reproduced
in Figure 9A shows a section of one tubule. The tubule appears
more crystalline than the image in Figure 3; more order can be
een in the Moglayers and the tubule appears faceted much
ike Tenne’s nested fullerene-like clusters. An electron dif-
fraction pattern of this tubule is seen in Figure 9B. The pattern
could again be indexed to 2HVI0S; and shows a much higher
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Figure 9. (A) A TEM image of the tubules annealed at 900D. (B)
An electron diffraction pattern from the tubule in part A showing the
indexed powder diffraction rings.

crystallinity as suggested by the diffraction spots along the
powder rings. For the sake of comparison, XRD patterns of
the bulk, heat-treated (NHEMoS,, heated at annealing tem-
peratures in an N atmosphere, displayed sharper powder
patterns than those from powder fired at £4%0) which could
be refined to an hexagonal cell whexre= 3.165(3) A andc =
12.584(3) A.

G. Other Considerations. Hydrogen adsorption onto metal
sulfides is known in the catalysis of the decomposition of
heterocyclic hydrocarbon compourfdsThe active hydrogen

J. Am. Chem. Soc., Vol. 120, No. 474898

HMo0S; solids are hydrogen intercalated Md8 Neutron
diffraction studies of KMo0S;, x = 0.067, found an interlayer
dog2 spacing of 6.389(6) A, which is slightly larger than the
accepted 6.15 A for MoS The conditions under which these
solids were prepared are similar to those reported in this paper
for the formation of our tubular MoS Consequently, the true
chemical identity of the MoStubules is in question.

In the case of our bulk (NF:M0S, heated at 450C in a
10% H/N, gas stream, our XRD data revealed an interlayer
dooz spacing of 6.392(7) A. Heating bulk (NJ4MoS, under
N at 800°C yielded a solid with alyg, spacing of 6.292(3) A.
The known HMoS, samples examined by diffraction were
prepared by the action of +bn MoS at 400°C for 19 h®6 In
later work by Wright et al., kMoS, was prepared by the action
of 20% Hy/H,S at 250°C on MoS; the resulting XRD pattern
displayed a newvilz Spacing line that appeared at 7.8%Still
other phases of #10S, have been reported, prepared in molten
alkali halides where the-axis refined to 17.97 A7

On the basis of these studies and others, we can conclude
that MoS will likely sorb hydrogen under a variety of
conditions, including those under which we prepared our MoS
tubules. Our XRD data are consistent with the formation of
some HMoS; in the bulk reactions studied, but we have not
attempted to determine the amount of hydrogen that may have
been incorporated into the solid. Neithei Munor Tenne have
addressed the possible formation gMbS; in their work, but
Tenne did observe large interlayer spacings in the XRD patterns
of the fullerene-like clusters of MSwhich he attributed to the
effects of curvature on the interlayer spacifigWe cannot,
therefore, definitively rule out the formation ofMoS, tubules
versus Mo$ tubules, but the increases in interlayer spacing
may also be related to the curvature in the tubules. Moreover,
the adventitious sorption of Hby tubules of Mo$ to yield
HxMoS, could be advantageous in the application of these
nanoscopic materials toward hydrodesulfurization catalysis.

Conclusions

Fibers and tubules of Mewith diameters of 50 or 330 nm
and lengths of 3@m have been synthesized by loading a porous
aluminum oxide template with an ammonium thiomolybdate
precursor followed by controlled thermal decomposition. The
MoS; solids evenly coated the entire inner surface of the small-
pore template, yielding hollow tubules of Mg8f very specific
diameters and wall thicknesses which appeared to be indepen-
dent of the precursor choice. When larger pore templates were
used, the precursors decomposed into fibers with varying
thicknesses and morphologies, and a dramatic loss of controlled
tubule formation was noted. The morphologies of the fibers
did not depend on the concentration of the precursor solution
but did depend on the type of solvent used to deposit the
precursor (DMF, pyridine, ethylenediamine, or DMSO). Since
the tubules appear to coat the inner surfaces of the hollow
template, we would assume they must have a significantly high
surface area as the templates are known to have very high

MoS, species for this process has been debated, but severapurface area®:%® Therefore, fibers produced by our method

recent studies have shed light on the identity of those sp&cfés.

may be considered for use as hydrodesulfurization catalysts or

Structural studies have revealed that a significant portion of the @s battery cathodes where a very high surface area is desirable.
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