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Received 9 August 2002; accepted 16 December 2002

Unsupported cobalt–molybdenum sulfide catalysts were prepared from bimetallic CoMo alkyl precursors by in situ activation during the

hydrodesulfurization (HDS) of dibenzothiophene (DBT). The bimetallic CoMo precursors were prepared by reaction of

tetraalkylammonium thiomolybdate salts, ðR4NÞ2MoS4 (where R¼H, methyl, butyl, pentyl or hexyl), with CoCl2 in water at a Co/Mo
molar ratio of 0.3. These catalysts exhibit a ‘‘Swiss-cheese’’-like morphology, high surface areas (from 52 up to 320m2/g), high content

of carbon (C/Mo¼ 2.2–3.3) and type IV adsorption–desorption isotherms of nitrogen. The in situ activation of these

tetraalkylammonium thiobimetalate precursors leads to a mesoporous structure with pore size ranging from 2 to 4.5 nm. X-ray

diffraction showed that the structure of unsupported cobalt–molybdenum sulfide catalysts corresponds to a poorly crystalline structure

characteristic of 2H-MoS2 with low-stacked layers. The nature of the alkyl group strongly affects both the surface area and the HDS

activity. The catalytic activity is strongly enhanced when using carbon-containing precursors; the CoMo catalysts prepared by in situ

activation of Co=½NðC4H9Þ4�2MoS4 presents the highest HDS activity. The highest surface area of the catalysts was observed for the
CoMo catalyst formed from Co=½NðC6H13Þ4N�2MoS4.
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1. Introduction

Catalysis by transition metal sulfides (TMS) plays a
crucial role in the petroleum industry. Owing to their
exceptional resistance to poisons, TMS are unique
catalysts for the removal of heteroelements (S, N, O) in
the presence of a large amount of hydrogen. Hydrodesul-
furization (HDS) of organic molecules such as thiophene,
benzothiophene and dibenzothiophene (DBT) is generally
performed with molybdenum or tungsten sulfides
supported on alumina and promoted by Group VIIIB
elements (cobalt or nickel) with a promoter atomic ratio
Co(Ni)/[Co(Ni)þMo(W)] between 0.2 and 0.4 [1,2].
The synergetic effect of Co or Ni on the catalytic

activity of the Mo and W sulfides has been well docu-
mented [3–5]. The promoter effect of cobalt in Mo sulfide
catalysts for HDS reactions has been attributed to the
amount of Co atoms that can be accommodated on the
edges of MoS2 layers and also to the electronic transfer
that Co induces on Mo atoms located at these sites
[6,7]. Model calculations have shown that the Sabatier
principle of molecules bonding at the surface (not too
strong, not too weak) is well adapted to explain the
volcano periodic dependence of the catalytic activity of
metal sulfides versus the position of the metal in the
periodic table [8]. In this respect, cobalt promotion

weakens the metal–sulfur bond strength up to the opti-
mum range for HDS activity.
The way in which Co is introduced on the MoS2

catalyst has an influence on the catalytic properties.
Cobalt- or nickel-promoted unsupported HDS catalysts
have been prepared by different methods, including
comaceration [9] and homogeneous sulfide precipitation
[6]. The catalytic properties of Co/MoS2 obtained by
these methods are reported to depend strongly on the
processing atmosphere and also on the heating condi-
tions [10,11].
The thiosalt decomposition method has been widely

used in the preparation of molybdenum and tungsten
sulfide catalysts for hydrotreating reactions [12,13].
Indeed, thiosalt decomposition is a very effective and
reproducible alternative method for obtaining better
catalysts; the thiosalts have sulfur already bound to the
metal atoms in a tetrahedral coordination, and their
decomposition has been reported to undergo a topotactic
reaction, whereby the c-axis of sulfide remains the same
as in the precursor [14]. In this respect, the in situ
decomposition of ammonium tetrathiomolybdate,
ðNH4Þ2MoS4, is an effective method to produce active
phases, mainly for hydrogenation reactions as suggested
by Yoneyama and Song [15]. Moreover, cobalt-
promoted unsupported catalysts prepared from the
decomposition of thiosalts have shown higher catalytic
activities than catalysts prepared by other techniques
[16,17].
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The method of in situ decomposition of monometallic
and bimetallic tetraalkylammonium thiosalts [18–20]
involving a sulfur-containing organic compound in hydro-
carbon solution, pressurized with hydrogen and heated to
623K, yields active metal sulfides. This mode of decom-
position leads to materials containing certain amounts
of carbon and described with the general formula
MoS2�yCz, where 0:01 < y < 0:5 and 0:01 < z < 3:0
[21]. These catalysts exhibit improved activity for the
HDS of DBT [22]. The role of carbon in the formulation
of those HDS catalysts is not completely obvious, but it is
possible that carbon, at least partly, is included in the
arrangement of active sites [23–25]. Moreover, it was
shown recently that molybdenum carbide has high activity
in hydroprocessing reactions [26,27]. Mo2C=Al2O3
produced by carburizing alumina-supported ammonium
molybdate in a CH4/H2 reactant stream showed three
times higher activity in HDS process than MoS2=Al2O3
catalyst [27].
In this work, Co-promoted MoS2 catalysts were

prepared from bimetallic Co–Mo alkyl precursors by
in situ activation during the HDS of DBT. Five types
of molybdenum thiosalt precursors, ðNR4Þ2MoS4
(where R¼H, methyl, butyl, pentyl, and hexyl), were
reacted with CoCl2 to obtain the bimetallic precursors.
The in situ activation technique was used to obtain
bimetallic CoMo catalysts, referred as CoMo-R (where
R¼H, C1, C4, C5, C6). Catalysts were characterized by
XRD, BET nitrogen adsorption and SEM after catalytic
evaluation.

2. Experimental

2.1. Bimetallic precursor preparation

The preparation of bimetallic precursors was carried
out in two steps. In the first step, the preparation of
tetraalkylammonium thiomolybdate precursors,
ðNR4Þ2MoS4 (R¼H, methyl, butyl, pentyl and hexyl),
was carried out according to the method reported
previously by Alonso and co-workers [28–31]. In the
second step, the molybdenum precursor was mixed with
CoCl2 in aqueous solution at a 30% molar Co/Mo ratio
to obtain five bimetallic precursors.
The appropriate amount of thiomolybdate precur-

sors, ðNR4Þ2MoS4 to yield 1 g of MoS2 {1.6 g of
ammonium thiomolybdate, ðNH4Þ2MoS4, in 20ml of
water, 2.3 g of tetramethylammonium thiomolybdate,
½ðCH3Þ4N�2MoS4Þ, in 20ml of water, 4.4 g of tetrabutyl-
ammonium thiomolybdate, ½ðC4H9Þ4N�2MoS4, in 50ml
of water, 5.1 g of tetrapentylammonium thiomolybdate,
½ðC5H11Þ4N�2MoS4, in 60ml of a 1 :5 methanol–water
solution, 5.8 g of tetrahexylammonium thiomolybdate,
½ðC6H13Þ4N�2MoS4, in 100ml of a 1 :5 methanol–water
solution} was added under stirring at room temperature
to a second solution of 0.47 g of CoCl2:

1
2H2O dissolved

in 10ml of water; immediately precipitates were
formed. The five bimetallic salts were filtered and dried
at room temperature.
The final bimetallic precursor was amorphous in

nature and unstable in air or water. Consequently,
crystallographic determination of the structure was not
possible. However, the Co/Mo molar ratio of 0.3 was
in agreement with a hypothetical stoichiometry
ðR4NÞ4CoðMoS4Þ3. In this case, a stoichiometric
reaction would be:

3ðR4NÞ2MoS4 þ CoCl2 ��"

ðR4NÞ4CoðMoS4Þ3 þ 2ðR4NÞCl:

However, owing to the amorphous character of these
precursors, in the present study these bimetallic thiosalts
will only be labeled Co=½ðNR4Þ2MoS4�. This instability
could be related to a previous study by Pan et al. [32]
on the formation of ðR4NÞ3CoðMoS4Þ2 thiosalts which
are unstable in air. In our case, the ðR4NÞ4CoðMoS4Þ3
thiosalt is probably transformed into an amorphous
polymeric structure of the type Cox(MoS4)3x keeping a
Co/Mo ratio of 0.3.

2.2. Catalytic activity and selectivity

TheHDS ofDBTwas carried out in a ParrModel 4522
high-pressure batch reactor. The appropriate amount of
bimetallic precursor to yield 1.0 g of CoMo-R catalyst
was placed in the reactor with the HDS reactant
(5.0 vol% of DBT in decalin). Each bimetallic precursor
was prepared in tablet form by uniaxial pressing and
was crushed in a mortar before placing it inside the
reactor. The reactor was then pressurized to 3.1MPa
with hydrogen and heated to 623K at a rate of 10K/
min. After the working temperature had been reached,
sampling for chromatographic analysis was performed
during the course of each run to determine the conversion
versus time dependence. The reaction run time averaged
about 5 h. The reaction products were analyzed using
a Perkin-Elmer Auto-system chromatograph with a
1.83mm� 32mm i.d. packed column containing OV-3
(phenyl methyl dimethyl silicone, 10% phenyl) as a
separating phase.
The main reaction products from the HDS of DBT

are biphenyl (BP) and phenylcyclohexane (PCH). The
selectivity for the main reaction products (BP, PCH)
was determined for CoMo-R catalysts prepared for
each bimetallic precursor and was calculated for a
given product as the weight percentage of the product
in the product mixture. The mean standard deviation
for catalytic measurements was about 5%.

2.3. Catalyst characterization

Characterization of catalysts was performed on
samples obtained after the catalytic tests. The samples
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were separated from the reaction mixture by filtration,
then washed with 2-propanol to remove residual hydro-
carbons and dried at room temperature.
A Jeol JSM5800 IV scanning electron microscope was

used to perform morphology and EDX elemental
analyses. Several fields were analyzed at different
magnifications in order to aid in recognition of the
prevalent features. EDX analysis was performed using
an eBX-ZAF system. MoS2 reference compounds were
used to deconvolute L lines of S and L lines of Mo.
Specific surface area determinations were performed

with a Quantachrome AUTOSORB-1 by nitrogen
adsorption at 77K using the BET isotherm. Samples
were degassed under flowing argon at 473K for 2 h
before nitrogen adsorption. The pore distribution was
obtained from the desorption isotherm following the
BJH method. The mean standard deviation for surface
area measurements was about 2%.
X-ray diffraction (XRD) studies were carried out in a

Phillips X Pert MPD diffractometer, equipped with a
curved graphite monochromator, using CuK� radiation
(� ¼ 1:54056 Å) operating at 43 kV and 30mA.

3. Results

3.1. Elemental analysis

The Co/Mo, S/Mo and C/Mo atomic ratios deter-
mined using EDX analysis are reported in table 1. A
crystalline MoS2 flake was used for calibration of Mo
and S signals. The Co/Mo atomic ratio for all catalysts
remained almost constant at a value of around 0.3
whereas the S/Mo ratio varied from 1.8 to 2.2. High
amounts of carbon (2:2 	 C=Mo 	 3:3) were detected
on all catalysts prepared by DBT HDS in situ
decomposition of tetraalkylammonium salts. CoMo-H
formed from ammonium tetrathiomolybdate (ATM),
(NH4)2MoS4 during the HDS of DBT already presents
a high amount of C (C/Mo¼ 2.2). This result is
noticeably higher than that observed previously for
non-promoted MoS2 catalyst in situ prepared under
the same conditions (C/Mo¼ 0.5) [28]. The amount of
carbon hardly changes with the type of alkyl
precursor. The high amount of residual carbon may
be present in the structure and also on the surface of
the catalysts.

3.2. Surface area and pore size distribution

The size of the alkyl group in the bimetallic precursor
has an important effect on the surface area and the total
pore volume of the catalysts (cf. table 1).
The total pore volume exhibits a direct correlation

with the length of the organic chain of the precursor
since the total pore volume increases from 0.09 cm3/g
for CoMo-H to 0.32 cm3/g for CoMo-C6.

As shown in figure 1, for CoMo-H catalyst, a poor
developed porous system is observed with a low surface
area of 53m2/g and a type I isotherm. The presence of
alkyl groups in the precursor compound led to the
development of porous systems with type IV isotherms.
However, the CoMo-C1 catalyst still presents an inter-
mediate situation with a small hysteresis loop. Its surface
area (117m2/g) is higher than that for the CoMo-H
catalyst but still much smaller than that for the CoMo-
C4 catalyst. CoMo-C4 presents a developed porous
organization with an average pore diameter centered
around 30 Å (cf. figure 2). Nevertheless, even though
CoMo-C4 shows a high surface area (253m2/g), its
moderate pore volume (0.23 cm3/g) indicates that
microporosity still contributes to the total surface area.
This sample exhibits a broad distribution of mesopores
since the slope of the adsorption branch remains
almost constant above P=P0 ¼ 0:5. Compared with
CoMo-C4, the CoMo-C5 catalyst presents a relatively
similar situation with comparable values for surface
area and total pore volume. However, the hysteresis
loop appears less developed and a narrower pore size
distribution is obtained centered at a slightly larger
pore diameter (35 Å). Finally, the CoMo-C6 catalyst
exhibits the highest surface area (320m2/g) and pore
volume (0.32 cm3/g). Its pore size distribution is much
broader than that for CoMo-C5 with contributions
from wider mesopores.
The hysteresis loops shown by these catalysts

correspond mainly to cylindrical pores open at both
ends. However, some mesopores have narrow ends as
in an ink-bottle pore shape, particularly for the CoMo-
C4 catalyst. CoMo-C6 presents a less steep desorption
branch, probably indicating a less narrow neck com-
pared with the interior body of the pores.

3.3. Scanning electron microscopy

Images of the CoMo catalysts prepared from (a)
Co=ðNH4Þ2MoS4, (b) Co=½ðNðCH3Þ4�2MoS4, (c)
Co=½ðNðC4H9Þ4�2MoS4, (d) Co=½ðNðC5H11Þ4�2MoS4
and (e) Co=½NðC6H13Þ4�2MoS4 are reported figure 3.
With the exception of CoMo-H, all these solids appear
very porous with cavities probably resulting from the
elimination of gas products occurring during the course

Table 1

Specific surface areas, total pore volume and elemental analysis of Mo, S,

and C atomic ratios for in situ prepared CoMo sulfide catalysts

CoMo-R

catalyst

Surface area

(m2/g)

Total pore volume

(cm3/g)

EDX analysis

CoMo-H 53 0.09 MoS2:2Co0:32C2:2
CoMo-C1 117 0.17 MoS2:1Co0:31C3:1
CoMo-C4 253 0.23 MoS1:8Co0:3C3:1
CoMo-C5 231 0.21 MoS2:1Co0:33C3:3
CoMo-C6 320 0.32 MoS2:2Co0:37C3:3
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of the decomposition process. For CoMo-C1, only a few
cavities are observed, which is in agreement with the
presence of a poorly developed porous organization.
CoMo-C4 cavities seem to be formed by the agglomera-
tion of small particles whereas for CoMo-C5 the cavities
are more uniform. Finally, the CoMo-C6 images reveal a
more disordered structure, in agreement with a broader
pore size distribution.

3.4. X-ray diffraction

Figure 4 shows the XRD patterns of the CoMo-R
catalysts prepared from the different tetraalkylammonium
thiosalt precursors. All these patterns are in agreement
with those reported for the poorly crystalline MoS2
structure [33] with a weak (002) diffraction peak at
2� ¼ 148 particularly for the CoMo-H and CoMo-C1

Figure 2. BJH pore size distribution of CoMo catalysts formed by in situ decomposition of the different thiobimetalate precursors.

Figure 1. Adsorption–desorption isotherms for CoMo catalysts formed by in situ decomposition of the different thiobimetalate precursors.
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catalysts. However, a slight increase in intensity of the
(002) peak is observed for CoMo-C4, CoMo-C5 and
CoMo-C6. Accordingly, the c direction layer stacking
for all catalysts is representative of partly exfoliated
samples. No peaks corresponding to cobalt sulfide
phases were detected, indicating that Co is very well
dispersed in the poorly crystalline structure of MoS2.

3.5. Catalytic activity and selectivity

The HDS of DBT yields two main products: biphenyl
(BP) through the so-called direct desulfurization pathway

(DDS) and phenylcyclohexane (PCH) through the
hydrogenative pathway (HYD). Phenylcyclohexane is a
secondary product along this pathway obtained by C–S
bond breaking reaction from tetrahydrodibenzothiophene
(THDBT), an intermediate product formed by
hydrogenation of one of the aromatic rings of dibenzo-
thiophene. Since these two pathways are parallel [34],
the ratio between HYD and DDS can be approximated
in terms of the experimental selectivity by means of the
equation

HYD=DDS ¼ ðPCHÞ=ðBPÞ:

Figure 3. Scanning electron micrographs of the CoMo catalysts prepared from (a) Co=ðNH4Þ2MoS4, (b) Co=½NðCH3Þ4�2MoS4, (c) Co=½NðC4H9Þ4�2MoS4,
(d) Co=½NðC5H11Þ4�2MoS4, and (e) Co=½NðC6H13Þ4�2MoS4.
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Table 2 summarizes the activity results and selectivity
for BP and PCH through HYD/DDS ratios measured
for different CoMo-R catalysts formed by the in situ
decomposition of tetraalkylammonium thiobimetalate
precursors. Initial rate constants were determined
assuming, as for alkylammonium thiomolybdates, a
complete decomposition of these precursors before the
temperature of 623K for the DBT HDS test [28]. The
higher reactivity and tendency for decomposition of
Co-containing alkylammonium thiomolybdates com-
pared with ‘‘Mo only’’ alkylammonium thiosalts support
this assumption.
Compared with the CoMo-H catalyst formed from

Co/[ðNH4Þ2MoS4], the presence of an alkyl group in
the precursor leads to a strong increase in activity even
for the CoMo-C1 catalyst. CoMo-C4 with the highest
HDS activity is 83% more active than CoMo-H. For
longer alkyl groups, a slight decrease is observed but
the activity is still much higher than for the CoMo

catalyst prepared without the presence of alkyl groups
in the bimetallic precursors.
The HYD/DDS ratio is slightly higher for CoMo

catalysts prepared from precursors containing alkyl
groups than for the CoMo-H catalyst. However, among
the different CoMo-R catalysts, no real change in this
ratio is detectable with increasing alkyl length in the initial
precursor. Nevertheless, changes between hydrogenating
and hydrogenolysis (C–S bond breakage ability) functions
can be better ascertained when comparing THDBT and
BP, which are the primary products along the two parallel
pathways. Indeed, THDBT is formed only by the hydro-
genation of one of the aromatic rings of DBT while BP is
produced by direct C–S bond cleavage from DBT. In this
case, the THDBT/BP ratio does not reveal any distinct
change between hydrogenating and hydrogenolysis func-
tions up to CoMo-C5. A strong decrease in this ratio is
observed for the CoMo-C6 catalyst.

4. Discussion

The in situ activation of tetraalkylammonium thio-
metalates during the hydrodesulfurization of dibenzo-
thiophene was used to generate non-promoted active
MoS2-based catalysts [28]. This mode of preparation
leads to materials presenting high surface area, mesopor-
osity, large amounts of carbon and high catalytic activity.
Here, such a method was extended to the preparation of
CoMo sulfides through the use of tetraalkylammonium
thiobimetalate precursors. In agreement with previous
results for MoS2 catalysts, very high surface area, meso-
pore size distributions and high C/Mo ratios (from 3.1
to 3.3) are also obtained.

Table 2

Initial rate constants, selectivity (HYD/DDS ratio) and [THDBT]/[BP]

ratio of Co/MoS2 catalysts prepared by in situ decomposition of tetraalkyl-

ammonium precursors during the HDS reaction of DBT (T¼ 623K,
P¼ 3.1MPa)

CoMo-R

catalyst

k (specific)

(�10�7 mol/g s)
HYD/DDS

ratio

THDBT/BP

ratio

CoMo-H 9.41 0.35 0.0599

CoMo-C1 15.4 0.41 0.0291

CoMo-C4 17.3 0.57 0.0374

CoMo-C5 13.6 0.47 0.0456

CoMo-C6 14.2 0.55 0.0092

Figure 4. XRD patterns of CoMo catalysts formed by in situ decomposition of the different thiobimetalate precursors.
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The alkyl group present in the tetraalkylammonium
precursor has a direct influence on surface area, total
pore volume and HDS catalytic activity. Increasing the
alkyl length from methyl to hexyl results in a marked
increase in both the surface area from 117 to 320m2/g
and the total pore volume from 0.17 to 0.32 cm3/g.
This increase in surface area is accompanied by the
progressive formation of a mesoporous organization
with an average pore diameter shifting somewhat to
higher values when the length of the organic chain in
the tetraalkylammonium precursor increases. More
interestingly, tetraaalkylammonium bimetallic precur-
sors lead systematically to a strong increase in HDS
activity compared with non-carbon-containing ammo-
nium bimetallic precursors even for the methyl group.
Even if a dispersing effect of the active phase thanks to
higher surface area could not be ruled out when explain-
ing the increase in activity, no direct correlation can be
observed between surface area and HDS activity. For
instance, the CoMo-C1 catalyst presents an HDS activity
relatively similar to that of the CoMo-C6 catalyst
whereas their respective surface areas are very different
(117m2/g for CoMo-C1 versus 320m

2/g for CoMo-C6)
(cf. tables 1 and 2). This situation is common for aniso-
tropic layered materials such asMoS2 and this represents
a major ongoing challenge in this field. In the same way,
the development of a mesoporous organization could not
be invoked since the highest HDS activity is observed for
the CoMo-C4 catalyst, which still possesses a modest
organized mesoporous structure in comparison with
the CoMo-C5 catalyst. In fact, this result supports the
idea of a positive role of carbon in hydrotreating applica-
tions, as demonstrated by Chianelli and Berhault [35].
Indeed, in typical hydrotreating conditions, carbide
and sulfide catalysts would tend to a common active sur-
face presenting both S and C moieties, as already
reported by different authors [22–24,36–38]. The forma-
tion of surface carbide-like entities was clearly observed
by Berhault and co-workers [24,25] using NEXAFS on
MoS2 catalyzing the HDS of DBT. Consequently, the
formation of ‘‘structural’’ carbon replacing surface
sulfur atoms at the edges of the layers and taking part
in the active phase may be envisaged in the present
case. It should also be emphasized that a high amount
of carbon is already detected on the CoMo-H catalyst
(C/Mo¼ 2.2), but the amount stays smaller than that
on the CoMo-R (R¼ alkyl) catalysts (C/Mo¼ 3.1–3.3).
One might consider that when using tetraalkylammo-
nium salts, the increase in HDS activity could be related
to a more efficient interaction of carbon since it is already
included in the precursor compound before the HDS
test. Finally, one should emphasize that the amount of
carbon detected could be present either at the surface
of the catalyst (structural carbon) or as a support
(excess carbon). Then, differentiation between a struc-
tural or a morphological role of carbon in this situation
is not possible.

CoMo-R catalysts (Co/Mo molar ratio¼ 0.3) present
higher catalytic activities (2–3 times) than their MoS2
counterparts prepared from the equivalent monometallic
tetraalkylammonium precursor. This demonstrates that
Co included in the alkyl precursor induces a promoter
effect on MoS2. However, it should be pointed out that
this synergetic effect is relatively weak in comparison
with their alumina-supported equivalents. Excess
carbon could be responsible for this low synergism,
hampering the interaction between Mo and Co by
blocking the migration of some Co species to the edges
of the MoS2 layers. However, a commercial CoMo/
Al2O3 catalyst (Syncat CRITERION) has a similar
activity value to the CoMo-C4 catalyst (k ¼ 18:0 versus
17:3� 10�7 mol/g/s), showing that cobalt promoter
actually contributes to higher active systems even if
synergistic effects should be improved in future studies.
The HDS of DBT proceeds along two parallel path-

ways, the so-called direct desulfurization route (DDS)
leading to biphenyl and the so-called hydrogenative
route (HYD) leading to phenylcyclohexane via tetra-
hydrodibenzothiophene. The HYD/DDS ratio for MoS2
catalysts prepared by in situ decomposition of ammonium
tetrathiomolybdate during the HDS of DBT is much
higher than the value observed in this study for the
CoMo counterpart, i.e., CoMo-H. This value decreases
from 1.5 forMoS2 (ex-ATM) to 0.35 for CoMo-H. There-
fore, the cobalt promotion not only increases the activity
but also modifies the selectivity along the two pathways.
Cobalt strongly enhances the direct desulfurization route
to biphenyl. This result is in agreement with previous
results obtained on alumina-supported catalysts [39]. In
fact, as reported by Breysse et al. [40], the opening of
the C–S bond occurs through an elimination process.
This mechanism involves the attack of a hydrogen atom
(in the �-position relative to the sulfur atom in the organic
molecule) by an anion acting as a basic site. Enhancement
of the basicity of sulfur anions on freshly prepared
CoMoS phase has been demonstrated by IR experiments
[41] and could participate in this improvement of the DDS
pathway.
The effect of the alkyl group initially present in the

precursor on the selectivity does not appear obvious.
Even if a slight increase of the HYD/DDS ratio is
observed for carbon-containing precursors, the effect
stays small. As revealed by the XRD results, the evolution
of the (002) peak intensity indicates a slight increase in the
stacking along the c direction, particularly when passing
from a butyl to a pentyl group (see figure 4). According
to the Rim-Edge model [42], in this case, a slightly more
DDS favored selectivity would be expected since ‘‘rim’’
sites at the exterior of the stacked layers would be
responsible for both C–S bond breaking and hydrogena-
tion whereas ‘‘edge’’ sites located on ‘‘internal’’ stacked
layers are only active for C–S bond breaking reactions.
However, this is not observed here since the stacking
increase stays weak. From a strict point of view, it
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should be emphasized that the Rim-Edge model was
proposed for non-promoted unsupported MoS2 catalysts
and should not be applied to cobalt-promoted systems.
The extension of this selectivity/stacking correlation to
promoted catalysts has still to be done. However, applic-
able or not to the present case, a selectivity/stacking
correlation as in the Rim-Edge model is not responsible
for selectivity changes observed here. The absence of
any stacking variations between CoMo-C5 and CoMo-
C6 while strong selectivity changes are observed definitely
rules out a selectivity/stacking causality.
The HYD/DDS ratio is not the most appropriate way

to evaluate hydrogenolysis versus hydrogenating func-
tions since the HYD term corresponds to the HDS
product, phenylcyclohexane, which is in fact a secondary
product along the HYD pathway formed by C–S bond
breaking of an intermediate primary product, THDBT,
resulting from the hydrogenation of DBT. Therefore,
to use the HYD/DDS ratio will level off differences
between hydrogenolysis and hydrogenation functions.
These two functions could be better analyzed through
the THDBT/BP ratio at similar conversions. This ratio
was reported in table 2 for all the catalysts studied
here. Up to the CoMo-C5 catalyst, no real variation of
the THDBT/BP ratio could be detected, confirming the
absence of any change in selectivity for these catalysts.
Interestingly, on moving from CoMo-C5 to CoMo-C6,
a five-fold decrease of the THDBT/BP ratio is detected,
demonstrating a more favored hydrogenolysis function
for CoMo-C6. The HYD/DDS ratio did not allow us
to discern this effect since the more favored C–S bond
breaking for CoMo-C6 will increase the rate of forma-
tion of PCH at the expense of THDBT, leveling off the
variations. This result should be related to a previous
study on non-promoted Mo systems prepared under
the same conditions [28]. Indeed, the results obtained
in the present study agree very well with the previous
results concerning the effect of the alkyl length on the
selectivity change of Mo systems. Similarly to the present
results, a strong change in selectivity was observed on
moving from pentyl to hexyl groups with a marked
increase in the hydrogenolysis function for Mo catalysts
formed from tetrahexylammonium thiomolybdate. This
modification was attributed to confinement effects
inside the mesopores blocking the sterically demanding
adsorption leading to the hydrogenation of the aromatic
ring. Indeed, the prerequisite for hydrogenation is a �-
complexation through the aromatic ring. This flatwise
adsorption covers a large part of the catalyst surface
and only rim sites present the suitable geometry for
adsorbing reactants. This situation differs strongly
from the C–S bond breaking mechanism, which needs
only in a more easy way a 	 bond between the metal
center and the sulfur atom. Hydrogenation of DBT is
then a sterically demanding reaction. The steric require-
ment is not achieved in the mesoporous cavities leading
to a confinement effect restricting adsorption on rim

sites and changing selectivity. In a parallel situation
with Mo systems, using pentyl groups in the precursor
leads after in situ activation to mesoporosity with an
average pore diameter of 30–35 Å without confinement
effects, whereas using hexyl groups in the precursor
leads to a mesoporous organization shifting to wider
pore diameters (
40 Å) and to confinement effects.
This suggests that for pore diameters smaller than
40 Å, particles are not located inside the mesopores.
Finally, the particular ‘‘Swiss-cheese’’-like morphology

observed previously inMoS2 was also found in the CoMo
catalysts, particularly for long alkyl chain precursors as a
result of similar decomposition patterns given by both
type of precursors. Such morphology is produced by the
internal pressure generated by the vaporization of the
organic alkyl groups during the decomposition steps of
the precursor under high pressure of hydrogen and high
temperature of the reaction media. Parallelism may be
emphasized between the single-step mode of decomposi-
tion of long alkyl chain precursors, the appearance for
some of these catalysts of a ‘‘Swiss-cheese’’-like morphol-
ogy and the creation of a mesoporous organization.
Cavities are produced by the accumulation of gases
during the decomposition while channels are created
during the escape of gases giving rise to type IV isotherms
with well-formed hysteresis loops.
Such a porous network in amorphous materials may

be considered equivalent to the porous structure of
molecular sieves, which very likely induces confinement
effects. Owing to such properties, the high surface area
CoMo materials reported in this work are also called
‘‘amorphous mesoporous sulfides’’.

5. Conclusions

CoMo sulfide catalysts (CoMo-R with R¼H, C1, C4,
C5 and C6) were prepared by in situ decomposition of
different tetraalkylammonium thiobimetalate precursors.
The solids obtained using this procedure present interest-
ing morphological properties with high surface area and
characteristic type IV isotherms with a wide mesoporous
distribution and a very dispersed active phase. A syner-
getic effect of the cobalt promoter is observed when
decomposing these bimetallic precursors with a strong
enhancement of the direct desulfurization pathway
compared with non-promoted Mo systems. The use of
carbon-containing precursors leads to a strong increase
in the HDS activity with a very favored hydrogenolysis
function when using longer alkyl chains in the precursor.
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