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Transition metal disulfides MS2 (M ) Ti, Zr, Hf, V, Nb, Ta,
Mo, and W) constitute an important class of inorganic layered
compounds. Their intercalation chemistry has been extensively
studied due to the fundamental importance and technological utilities
of the process and the related materials.1 The crystal structures of
metal disulfides feature a layer of metal ions sandwiched by two
layers of hexagonally close-packed sulfur atoms. The metal ion in
the structure has either octahedral (Oct) or trigonal prismatic (TP)
coordination. Depending on both the (n - 1)d electron configuration
and the coordination environment of the metal center, these
compounds can have either a semi-metallic or metallic behavior.2

It has been shown that the intercalation process in metal disulfides
is directly associated with a charge transfer between the HOMOs
of the guests and the appropriate low-lying bands with empty
electronic states in the metal disulfide.3 Consequently, the metal
disulfides of groups 4 and 5 can undergo facile direct intercalation
reactions with many inorganic and organic species to form
intercalated phases. In contrast, both MoS2 and WS2 show intercala-
tion inertness toward most guest species except the simple alkali
metal ions.4

Thus far, the only established route for introducing inorganic or
organic guest species into the layer galleries of molybdenum or
tungsten disulfide is via exfoliation of LixMS2 (M ) Mo and W)
and restacking dispersed single-layers in the presence of a guest
species.5 The exfoliation-restacking process entails treating solid
Li xMS2 with water to obtain a colloidal suspension of single MS2

layers. Upon exposure to water, hydrogen gas is emitted from the
solution; this acts to expel the bulk host into dispersed single layers.
In the presence of a suitable guest, the exfoliated layers can restack
to form an intercalation compound. This technique has been
successfully applied to a variety of guests including organic Lewis
bases, aromatics, inorganic clusters, and polymers.6-11

To overcome the intercalation inertness of MS2 (M ) Mo and
W) and circumvent the inconvenience of the exfoliation process,
we developed a de novo one-step molecular self-assembly method
for preparing intercalated MS2 compounds. The reaction depends
on the oxidative decarbonylation of M(CO)6 (M ) Mo and W) by
elemental sulfur, which is known to produce bulk MS2 in an organic
solvent using sonochemical excitation.12 When a strong Lewis base
such as a molten neutraln-alkylamine is used as a solvent and a
template, similar reactions can lead to the self-assembly of amine-
templated, mesostructured lamellar metal disulfides. Thus, when
Mo(CO)6, elemental sulfur andn-dodecylamine (DDA) in the molar
ratio of 1:2:1 are allowed to react in a Teflon-lined autoclave in
the N2 atmosphere at 140°C for 12 h, a pure new phase designated
as DDA-MoS2 can be obtained in 95% yield based on Mo(CO)6

after acetone and diethyl ether washing. The conventional elemental

analysis of the as-synthesized DDA-MoS2 combined with thermo-
gravimetric analysis (TGA) showed the empirical formula to be
[(C12H25NH3)x(C12H25NH3)0.46-x]MoS2 (see Figure 1 of the Sup-
porting Information).13 The electrostatic interactions between the
small portion of the protonated amine and the slightly negatively
charged MoS2 sheets give rise to the stability of the intercalated
phase. This formulation is also consistent with the similar observa-
tions made in exfoliated-restacked MoS2 materials.14 Notwith-
standing, the oxidation states of the metal center and sulfur atom
in this material were revealed by X-ray photoelectron spectroscopy
(XPS) to be 4+ and 2-. Specifically, the binding energies are Mo
(3d5/2) ) 229.5 eV; S (2p3/2) ) 162.3 eV (Figure 2 of the Supporting
Information). These binding energies are very close to those of bulk
MoS2 measured under the same conditions by us or reported in the
literature.15 We have found that the XPS technique is not sensitive
enough to detect any change in binding energies of either
molybdenum or sulfide caused by the slight negative charge that
is essentially delocalized over the entire MoS2 layer (Figure 3 of
the Supporting Information). The average peak intensity ratio of
S/Mo from the different spectral regions of the same sample batch
as well as from those of a different sample batch is ca. 2.02. It is
worthwhile to point out that no spectral signals of MoS3 were
detected in the XPS studies. Figure 1 shows the X-ray powder
diffraction (XRD) patterns of the as-synthesized DDA-MoS2. A
single strong peak at 2θ ) 3.0°, which corresponds to ad spacing
of 29.5 Å, was observed. TEM imaging studies revealed long-range
lamella mesoscopic ordering in the samples as depicted by the
representative TEM graph shown in Figure 2. Thus, the low-angle
diffraction peak in the XRD patterns can be indexed as the (001)
reflection of a lamella phase. The repeat distance measured by TEM
is consistent with thed spacing found in the XRD patterns. When* To whom correspondence should be addressed. E-mail: shuang1@kent.edu.

Figure 1. XRD patterns of the as-synthesized DDA-MoS2 (A), DDA-WS2

(B), complete calcined samples of DDA-MoS2 (C), and DDA-WS2 (D).
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the reaction was carried out in other moltenn-alkylamines such as
n-hexylamine (HA),n-octylamine (OA), and decylamine (DA), a
series of mesostructured lamellar phases, designated as HA-MoS2,
OA-MoS2, DA-MoS2, were obtained. The XRD patterns of these
materials all contain similar features with thed001 peak position at
17.7, 21.9, and 24.7 Å, respectively. Similarly, the use of W(CO)6

in place of Mo(CO)6 also gave a complete series of mesostructured
lamellar phases whosed001-spacings are essentially identical to those
of the corresponding molybdenum disulfide series. Finally, this
synthetic technique can further be extended to introduce a variety
of other Lewis bases such as 4,4′-bipyridine and 1,10-phenanthroline
into the MS2 layers.16

In an attempt to remove the template from [(C12H25NH3)x-
(C12H25NH3)0.46-x]MoS2 by slow thermal treatments under a
nitrogen atmosphere for a week at 200°C, we found that both
compounds were transformed into mesoporous materials with a
concomitant increase of thed spacing by ca. 9 Å. The resulting
mesoporous MoS2 and WS2 have the BET specific surface areas
of 155 and 91 m2/g, and the corresponding pore volumes of 0.19
and 0.10 cm3/g, respectively. Note that the framework densities of
MoS2 ) 4.8 g/cm3 and WS2 ) 7.5 g/cm3 are much higher than
that of silica (2.2 g/cm3). If one takes into account a correction for
the density difference, these materials have surface areas and pore
volumes comparable to those of mesoporous silicates. Preliminary

data also showed that the mesopores are narrowly distributed around
40.5 Å (see inset in Figure 3). Nitrogen adsorption isotherms
measured at-196 °C shown in Figure 3 are very similar for both
materials and resemble those obtained for highly ordered MCM-
41 materials.17 Tenne and co-workers recently reported on the
synthesis of nested fullerene-like MoS2 and WS2 particles or
nanotubes.18 However, the accessibility to the mesopores in these
hollowed materials has not been demonstrated. To the best of our
knowledge, the compounds obtained in this work are the first metal
sulfide-based materials to exhibit highly uniform pores.19 Further
heating of both mesoporous materials at 500°C for 12 h gave dense
3R-MoS2 and 3R-WS2 (see Figure 1). Detailed formation mecha-
nisms, structural characterization, and porosity studies on such
mesoporous metal disulfides are currently under way (see Figure
4 of the Supporting Information).20
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Figure 2. Transmission electron micrograph of DDA-MoS2.

Figure 3. Nitrogen adsorption isotherms for nonporous MoS2 (A),
mesoporous WS2 (B), and mesoporous MoS2 (C). The inset shows the
differential pore size distributions calculated according to the KJS method
for the two samples.
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