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Abstract

We report the synthesis of mesostructured cobalt and nickel molybdenum sulfides prepared by reacting MoS2�
4 anions with Co2+ and

Ni2+ in formamide solution in the presence of alkyl-pyridinium surfactant molecules acting as template. These systems represent the first
examples of templated mesostructured Co–Mo–S and Ni–Mo–S type materials.
� 2005 Elsevier Inc. All rights reserved.
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The catalysts of choice for hydrodesulfurization (HDS)
of crude oils for many decades have been cobalt and nickel
promoted molybdenum sulfides [1,2]. In these systems the
active sites are referred to as ‘‘Co(Ni)MoS’’ phases. It is
generally a challenge to generate such phases, while exclud-
ing the formation of separate non-active binary Co(Ni)
sulfides. Active HDS CoMoS phases can be prepared using
MoS2�

4 as precursor. Despite numerous studies, the deve-
lopment of highly active Co–Mo–S and Ni–Mo–S catalysts
continues to be desirable [3–5]. For this reason new ways of
combining these elements to generate nanostructured
Co–Mo–S and Ni–Mo–S compositions is still of consider-
able interest.

Recent advances in the field show that mesoporous oxi-
dic materials such as Ti-HMS and Al-HMS are excellent
supports for ‘‘Co(Ni)MoS’’ active phases because of their
high specific surface area, large pore size and pore volume
[6]. In comparison with traditional microporous supports
such as c-Al2O3 and various zeolites, they allow for higher
dispersion of the active phases and accessibility to large
S-containing molecules such as dialkyl dibenzothiophenes.
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The removal of the later is of paramount importance to
achieve deep hydrodesulfurization of the crude oil in order
to meet the allowable limit on diesel sulfur which in the
near future will be restricted to 50 wppm in most advanced
countries due to stringent environmental regulations [7–9].

It would be particularly attractive if Co–Mo–S and
Ni–Mo–S compositions were single phase and mesoporous
because it could lead to more effective and improved HDS
catalysts. Such systems would combine the necessary
porosity and metal active sites in one material. A promising
synthetic approach that to our knowledge has not been
exploited is the use of organic templates to construct open
framework mesostructured materials based on MoS2�

4 and
Co2+ or Ni2+ building units. This route has been applied
successfully for the construction of other mesostructured
metal sulfides and selenides [10–12]. Here we describe a
new set of surfactant templated mesostructured cobalt
and nickel molybdenum sulfides.

The cobalt and nickel mesostructured phases were syn-
thesized in formamide (FM) by the simultaneous addition
of a solution of Co2+ (or Ni2+) cations, and a solution of
MoS2�

4 anions into a solution of supramolecularly orga-
nized alkyl-pyridinium surfactant molecules (CnPyBr,
n = 12, 14, 16, 18 and 20) in 80 �C FM. In a typical exper-
iment 4 g surfactant were dissolved in 20 ml warm FM.
Upon addition of the (NH4)2MoS4 (1.9 mmol/10 ml) and
the transition metal salts (1.3 mmol/10 ml) precipitation
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of a black (Co2+) or dark brown (Ni2+) solid occurred
immediately. The mixtures were aged overnight at 80 �C,
filtered, washed with warm FM, and dried under vacuum.
These phases are denoted as CnPyMMoS (M = Co, Ni).
We also performed reactions that included the addition
of S2� anions in order to observe if this extra building
block could impart better ordering on the mesostructures.
The experimental procedure for making these CnPyM-
MoS/S2� phases was the same as outlined above using
molar quantities of Co2+/(Ni2+):MoS2�

4 :S2� 1:1:1. The
S2� (as K2S/FM) was added to the surfactant solution
prior to the other precursors.

The elemental and C, H, N analysis results coupled with
thermal gravimetric analyses (TGA) gave the chemical
formulae [CnPy]2�2xMxMoS4 (0.64 < x < 0.70), and
[CnPy]2xMMoS4+x (0.91 < x < 1.05) for the mesophases
phases withK2S added. This suggests that the materials con-
tain anionic M–Mo–S frameworks charge balanced by
surfactant cations.

Powder X-ray diffraction (XRD) patterns of all phases
exhibit a strong reflection in the low angle region
2� < 2h < 4� (similar to other mesostructured sulfides), with
d-spacing indicative of an uniform pore–pore separation in
the material. Fig. 1 shows the typical patterns from the
C18PyMMoS (M = Co, Ni) phases. The presence of a
broad and weak higher order harmonic is visible in the
4� < 2h < 6� region of the diffraction patterns suggesting
lamellar ordering or regions of short range ordering of
pores in a otherwise wormhole-type arrangement within
the mesostructures [13]. The more narrow reflection of
the C18PyNiMoS/S2� phase (Fig. 1b) suggests the forma-
tion of a material with a longer coherence length when
K2S is added. In contrast the cobalt phases are not as well
ordered as their nickel counterparts as indicated by the
broader first peaks in the diffraction pattern (Fig. 1c). As
in all mesostructured materials reported todate the inor-
ganic framework walls are amorphous as indicated by the
lack of Bragg peaks at high angles (>10�) of the powder
2θ (degrees)
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Fig. 1. X-ray diffraction patterns of (a) C18PyNiMoS, (b) C18PyNiMoS/
S2�, and (c) C18PyCoMoS/S2�.
pattern. Furthermore, no crystalline binary Co(Ni) sulfides
were present in these materials.

The pore–pore separation represented by the d-spacing
of the low angle Bragg peak is readily adjustable and
increases with increasing surfactant chain length. Fig. 2
shows the XRD patterns of CnPyNiMoS (n = 16, 18 and
20) solids where the pore distance increases with chain
length in the range 37.9–43.1 Å.

Comparison of the differential scanning calorimetry
(DSC) results for the C18PyBr surfactant and the mesoph-
ased C18NiMoS material (Fig. 3) show that for the latter
there are no thermal events in the region of the surfactant
melting transition (�72 �C) that are typically observed in
lamellar phases [14]. This is attributed to the lack of
conformational changes or rearrangement of the long
surfactant alkyl chains and is due to their confinement in
an interconnecting three-dimensional M–Mo–S (M = Co,
Ni) environment that hinders this motion. This suggests
that the mesophases have a three-dimensional inorganic
framework creating a rigid wormhole-like pore structure.
Fig. 2. X-ray diffraction patterns of C16PyNiMoS, C18PyNiMoS and
C20PyNiMoS materials.
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Fig. 3. Differential scanning calorimetric traces of (a) C18PyNiMoS/S2�

compared with that of (b) the C18PyBr surfactant. Heating rate 5 �C/min.



Fig. 4. Transmission electron micrographs of (a) C20PyNiMoS/S2�, (b) C16PyNiMoS/S2�, and (c) C16PyNiMoS/S2� from NiCl2 Æ 6H2O.
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Fig. 5. Optical absorption spectrum of C16NiMoS.
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Similar phases have been identified in mesoporous silicas
where the layers are stabilized by pillaring or electrostatic
interactions [15].

Transmission electron microscopy (TEM) images dem-
onstrate that C20PyNiMoS/S2� (Fig. 4a) shows lamellar-
like morphology. The long straight parallel lines clearly
shown in the inset of Fig. 4 are characteristic and typical
of a lamellar structure. The wall–wall spacing measured
from the micrographs is in good agreement with those
obtained from the X-ray diffraction data. In contrast, the
TEM image of the C16PyNiMoS/S2� phase (Fig. 4b) exhib-
its local lamellar or wormhole order. Remarkably, in the
case of C16PyNiMoS made from the NiCl2 Æ 6H2O precur-
sor, the particles are spherical in shape and are dispersed
[16] with relatively narrow size distribution (see Fig. 4c),
while in all other samples the particle morphology was
nondescript. The spheres are essentially transparent in the
TEM micrographs suggesting that they do not consist of
hard cores of inorganic material, but rather are hollow with
the mesophase encompassing them. Scanning electron
micrographs of the material also demonstrate the spherical
shape of the particles, and show that all remain totally
intact without any defects to allow observation of the inte-
rior of the spheres.

Optical absorption spectroscopy of the mesostructured
sulfides show well-defined energy gaps of 0.5 eV
C16CoMoS and 0.8 eV for C16NiMoS (Fig. 5) respectively,
indicating that these are narrow gap semiconductors. The
thermal stability was investigated with thermogravimetric
analysis (TGA). The compounds shows no appreciable
weight loss up to 200 �C, consistent with the fact that
solvent molecules are not present. Between 200 and
450 �C, weight loss occurs due to surfactant decomposi-
tion. The X-ray powder diffraction pattern of the product
taken after thermal decomposition at 450 �C do not show
any Bragg peak indicating the collapse of the mesostruc-
tured framework and the formation of an amorphous solid.
At 700 �C the corresponding XRD pattern shows the pre-
sence of few broad and weak reflections at 2h > 30� charac-
teristic of totally exfoliated MoS2 phase [17].

The CnPyMMoS (M = Co, Ni) materials are the first
solids composed of same ingredients that define the most
active industrial HDS catalysts to have mesostructural
order. Future work will focus on exploring the ion-
exchange properties and pore accessibility of these systems
as well as their possible utility as catalytic HDS agents.
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