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Abstract

Co–Mo model sulfide catalysts, in which CoMoS phases are selectively formed, were prepared by means of a CVD technique
using Co(CO)3NO as a precursor of Co. It is shown by means of XPS, FTIR and NO adsorption that CoMoS phases form
selectively when the Mo content exceeds monolayer loading. A single exposure of MoS2/Al2O3 to a vapor of Co(CO)3NO
at room temperature fills the edge sites of the MoS2 particles. It is suggested that the maximum potential HDS activity of
MoS2/Al2O3 and Co–Mo/Al2O3 catalysts can be predicted by means of Co(CO)3NO as a “probe” molecule. An attempt was
made to determine the fate of Co(CO)3NO adsorbed on MoS2/Al2O3. The effects of the support on Co–Mo sulfide catalysts
in HDS and HYD were investigated by use of CVD-Co/MoS2/support catalysts. XPS and NO adsorption showed that model
catalysts can also be prepared for SiO2-, TiO2- and ZrO2-supported catalysts by means of the CVD technique. The thiophene
HDS activity of CVD-Co/MoS2/Al2O3, CVD-Co/MoS2/TiO2 and CVD-Co/MoS2/Al2O3 is proportional to the amount of
Co species interacting with the edge sites of MoS2 particles or CoMoS phases. It is concluded that the support does not
influence the HDS reactivity of CoMoS phases supported on TiO2, ZrO2 and Al2O3. In contrast, CoMoS phases on SiO2

show catalytic features characteristic of CoMoS Type II. With the hydrogenation of butadiene, on the other hand, the Co
species on MoS2/TiO2, ZrO2 and SiO2 have the same activity, while the Co species on MoS2/Al2O3 have a higher activity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In United States, Europe and Japan, the develop-
ment of highly active hydrodesulfurization (HDS) cat-
alysts to obtain cleaner fuels is being given top priority.
Al2O3-supported Co(Ni)–Mo sulfide catalysts have
been used extensively for industrial HDS. Numerous
studies[1–10] have been conducted of the catalytic
synergies between Co(Ni) and Mo, the structure of ac-
tive sites, HDS reaction mechanism and the effects of
the support in order to design and prepare highly ac-
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tive HDS catalysts. Since the proposal of Topsøe and
co-workers[1,3,11–15], there has been growing inter-
est in so-called CoMoS or NiMoS phases, in which
Co(Ni) decorates the edge sites of highly dispersed
MoS2 particles. These phases may be catalytically ac-
tive sites in Co(Ni)–Mo sulfide catalysts and many cat-
alytic and spectroscopic aspects of Co(Ni)–Mo sulfide
catalysts have been interpreted in terms of the phases.
Candia et al.[15] differentiated between two CoMoS
phases, Type I and Type II, depending on their intrin-
sic HDS activity. CoMoS Type II, which was formed
by high-temperature sulfidation at 873–1275 K, was
about twice as active as Type I formed by sulfidation at
675 K. TEM and XPS[15–17]showed that changes in
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the stacking number of MoS2 slabs lead to the differ-
ent types of CoMoS phases. Accordingly, the forma-
tion of highly dispersed CoMoS Type II may result in
highly active Co–Mo sulfide catalysts. Hence, the con-
trol of the morphology, size and stacking number, of
supported MoS2 particles is of paramount importance
for the design of highly active HDS catalysts. The
effects of the support and additives such as fluorine,
phosphorous and boron modify the interaction be-
tween the Mo oxides and the support, thus resulting in
a change in the morphology of MoS2 in sulfided cata-
lysts[18,19]. Detailed studies of the effects of the sup-
port and additives on HDS performance are promising
for the development of catalysts for ultra-clean fuels.
However, because practical Co(Ni)–Mo sulfide cata-
lysts, supported on refractory oxides, are inherently
heterogeneous[1], it is difficult to understand the ac-
tive sites and the effects of the support and additives.

The catalytic activities of Mo and Co(Ni)–Mo
sulfide catalysts in HDS are greatly affected by the
support[10,18,20]. Selective preparation of CoMoS
phases would provide insight into the nature of these
effects. By means of in situ57Co Mössbauer emission
spectroscopy, van Veen et al.[21,22] demonstrated
that CoMoS Type II is selectively prepared by adding
nitrilotriacetic acid (NTA) to the impregnation solu-
tions. Prins and co-workers[19,23,24]and van Veen
et al. [25] reported that NTA is also effective for
the selective preparation of NiMoS phases on SiO2,
Al2O3 and active carbon. van Veen et al.[21] showed
that the intrinsic HDS activity of CoMoS Type II
phases supported on activated carbon is twice as high
as the intrinsic activity of CoMoS Type II supported
on Al2O3 or SiO2. Bouwens et al.[17] confirmed
similar activity for CoMoS Type II. Based on Co and
Mo K-edge EXAFS, they reported the formation of
two types of the CoMoS phase, the Co species of
which have different structures.

Another method, which would lead to the selective
formation of CoMoS phases, is to use cobalt car-
bonyls as a precursor. Maugé et al.[26,27] introduced
Co(CO)3NO to sulfided Mo/Al2O3 and thermally
decomposed it prior to HDS. They found that the
ex-carbonyl catalysts are twice as active as a con-
ventional Co–Mo/Al2O3 catalyst. The HDS activity
of the ex-carbonyl catalysts increased linearly with
the amount of Co introduced, suggesting a selective
formation of CoMoS phases. Angulo et al.[28] pre-

pared Ni–Mo/Al2O3 by using Ni(CO)4, demonstrat-
ing a higher degree of promotion than conventional
catalysts. Halbert et al.[29] used Co2(CO)8 as a
precursor for the modification of unsupported MoS2
and sulfided Mo/Al2O3. It was found that the HDS
activity is rather high compared to the activities of
corresponding impregnation catalysts. In a similar
study, Okamoto et al.[30] modified Al2O3-supported
Mo sulfide catalysts prepared from Mo(CO)6 with
a vapor of Co2(CO)8. They claimed the preferential
formation of a CoMoS phase or Co–Mo sulfide clus-
ters on the Co–Mo sulfide catalysts. These studies,
however, did not provide direct evidence of the exclu-
sive formation of CoMoS phases. By means of EX-
AFS and XPS, our studies[31–33] have shown that
Co–Mo sulfide clusters form in zeolite cages when
the carbonyl technique is applied. This review paper
discusses our recent studies[34,35] of the prepara-
tion of Co–Mo model sulfide catalysts, in which Co
species, constituting CoMoS phases, are exclusively
formed: the use of Co(CO)3NO as a precursor and the
described method of preparation revealed the effects
of the support on the performance of Co–Mo sulfide
catalysts.

Recently, model catalysts including supported metal
sulfides have received attention for better characteri-
zations of these catalyst systems[36]. In these model
catalysts, metals, metal oxides or their precursors are
supported on a flat surface of thin oxide films on a
(semi) conducting material such as silicon by means
of a vapor deposition technique or a spin-coating tech-
nique. Crystalline surfaces of metal oxides, such as
Al2O3 and SiO2, and of metals are also used as model
supports.

de Jong et al.[37] studied a model catalyst
Mo/SiO2/Si(1 0 0) by means of surface science tech-
niques including XPS, AFM, RBS and SIMS. They
revealed the precise sulfidation behavior of Mo oxides
supported on the SiO2 film by means of XPS with-
out broadening due to differential chargings inherent
to practical catalysts. Kishan et al.[38,39] used a
SiO2/Si(1 0 0) model support for the preparation of
Ni–W and Co–W sulfide catalysts to study the effects
of chelating agents on the sulfidation behavior of
Ni, Co and W. Coulier et al.[40] studied Co–W and
Ni–W/Al2O3/Si wafer model catalysts to show the ef-
fect of the support and a chelating agent. Narrow XPS
lines enabled them to reach unambiguous conclusions
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that redispersion of preformed bulk Ni sulfides to the
edge of WS2 slabs leads to the formation of NiWS
phases, while bulk Co sulfides do not redisperse to
form the active phases. Sakashita and Yoneda[41]
prepared Mo sulfide catalysts supported on the (1 0 0)
and (1 1 1) planes of a�-Al2O3 single crystal. Their
HRTEM observations of the flat model catalysts
clearly indicated the formation of edge-bonded MoS2
clusters on the (1 0 0) surface. On the other hand, basal
bonded MoS2 clusters grew on the (1 1 1) surface. It
was suggested that the arrangements of Al or O atoms
in �-Al2O3 and Mo atoms in MoS2 determine the
orientation of MoS2 clusters on the Al2O3 surfaces.

Recently, by means of STM, Helveg et al.[42]
succeeded to observe the atomic scale structure of
single-layer MoS2 triangle clusters fabricated on
Au(1 1 1). They concluded that S atoms at the edges
are out of registry with the S atoms in the hexagonal
lattice of the basal plane. In conjunction with DFT
calculations[43], it was suggested that the edges of
the clusters are composed of reconstructed Mo edges.
In the presence of Co, however, hexagonally trun-
cated MoS2 nanoclusters are formed, suggesting the
preferential location of Co atoms at the S-edges of
MoS2 [44]. The sulfur vacancies were observed by
means of STM to form on the edges of MoS2 clus-
ters by contact with atomic hydrogen[43–45]. The
thiophene adsorption and subsequent reaction were
also detected in atomic scale on H2-adsorbed MoS2
nanoclusters on Au(1 1 1) by means of STM[45].
The model catalyst approaches are thus promising
for better characterization and, accordingly, better
understandings of hydrotreating catalysts.

The “model” catalysts in our study are much more
practical than the model catalysts mentioned above,
but will, nevertheless, provide important insight into
the nature of HDS catalysts.

1.1. Preparation of supported Co–Mo model sulfide
catalysts

Al2O3-supported Mo oxide catalysts containing
various amounts of Mo were prepared by means
of impregnation with ammonium paramolybdate.
The resulting Mo/Al2O3 was sulfided at 673 K for
1.5 h to form MoS2/Al2O3, followed by evacua-
tion at 673 K. MoS2/Al2O3 was then exposed to a
vapor of Co(CO)3NO at room temperature (CVD

technique). After evacuation at room temperature,
Co(CO)3NO/MoS2/Al2O3 was sulfided again at 673 K
to prepare a Co–Mo/Al2O3 catalyst. The resulting
catalyst is designated CVD-Co/MoS2/Al2O3.

Fig. 1 shows the catalytic activity of MoS2/Al2O3
in the HDS of thiophene as a function of Mo content.
The maximum activity of MoS2/Al2O3 was attained
with around 10–15 wt.% Mo, in agreement with oth-
ers [1,2,46]. As shown inFig. 1, the addition of Co
by means of the CVD technique greatly enhanced the
HDS activity. The activity of CVD-Co/MoS2/Al2O3
was hardly dependent on the Mo content between 6
and 22 wt.%.Fig. 2 gives the amount of Co incorpo-
rated into MoS2/Al2O3 as a function of Mo content.
A considerable amount of Co was deposited, even
when the Al2O3 support was exposed to a vapor of
Co(CO)3NO (CVD-Co/Al2O3). The amount of Co in-
creased as the Mo content increased to 7 wt.%. After
reaching a maximum at 7 wt.% Mo, the Co content de-
creased as the Mo loading increased and leveled off at
a Mo content greater than 14 wt.%. The dispersion of
the MoS2 particles in MoS2/Al2O3 was evaluated by
NO adsorption (pulse technique). The amounts of NO
adsorption are presented inTable 1. The NO/Mo ratio
decreased as the Mo content increased, in agreement
with the results obtained by others[1,47,48].

In order to examine the location of Co deposited
by the CVD technique, the Co/Mo ratio is plotted
against the NO/Mo ratio (Fig. 3). When the Mo load-
ing was larger than 9 wt.%, the Co/Mo ratio of the
MoS2/Al2O3 catalysts was proportional to the NO/Mo
ratio (including the results inFig. 11, vide infra). It has
been established[1] that NO molecules adsorb on the
edge sites of MoS2 particles rather than on the basal
plane. Hence, the plot inFig. 3 strongly suggests that
Co is located on the edge sites of MoS2 particles at
�9 wt.% Mo. According to the literature[48–51], a
monolayer dispersion of Mo oxides is attained around
8.5 wt.% Mo (3 Mo atoms nm−2) in the present series
of Mo/Al2O3 (Al2O3, 177 m2 g−1). The Co 2p XPS
spectra of CVD-Co/Al2O3 and CVD-Co/MoS2/Al2O3
(8.7 wt.% Mo) are presented inFig. 4. The Co 2p3/2
binding energy for CVD-Co/Al2O3 was close to that
of Co9S8, indicating that Co sulfide clusters formed
as expected. However, in the presence of MoS2 parti-
cles, the Co 2p3/2 binding energy increased by 0.9 eV,
clearly demonstrating that Co species chemically in-
teract with the edge sites of MoS2 particles. In line



34 Y. Okamoto, T. Kubota / Catalysis Today 86 (2003) 31–43

0

100

200

300

400

0 5 10 15 20 25

Mo content / wt.

H
D

S 
ac

ti
vi

ty
/ 1

0–
5  

m
ol

 g
–1

 h
–1

%

Fig. 1. HDS activities of MoS2/Al2O3 (�) and CVD-Co/MoS2/Al2O3 (�) as a function of Mo content[34].
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Fig. 2. Amount of Co species in CVD-Co/MoS2/Al2O3 as a function of Mo content: (�) the total amount of Co accommodated by the CVD
technique; (�) the amount of Co sulfide clusters produced by the interaction with basic sites of Al2O3; (�) the total amount of separate Co
sulfide clusters; and (⊕) the amount of Co species, which form CoMoS phases, as estimated from the HDS activity and Co content[34].
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Fig. 3. Correlation between the NO/Mo mole ratio for MoS2/Al2O3 and the Co/Mo atomic ratio for CVD-Co/MoS2/Al2O3 [34].

with the present XPS results, Alstrup et al.[52] re-
ported that the Co 2p3/2 binding energy was 0.6 eV
higher for CoMoS than for Co9S8. The increase in the
Co content (Fig. 2) in the presence of Mo also suggests
interactions of Co with Mo sulfide phases, as reported
previously[30]. Furthermore, the FWHM of the Co
2p spectrum of CVD-Co/MoS2/Al2O3 is considerably
narrower than that of CVD-Co/Al2O3. In agreement
with the conclusion from the chemical shift, this in-
dicates that the spectral broadening due to differential
charging for CVD-Co/Al2O3, caused by direct con-
tact of Co sulfide clusters with the Al2O3 surface, is
removed by the preferential interaction of Co atoms
with the edge of the MoS2 particles. The preferential
interaction of Co(CO)3NO with the Mo sulfide phase
was also suggested by Maugé et al.[27] by means of
the FTIR of CO adsorption.

Table 1
Amount of NO adsorption of MoS2/Al2O3

a and the Co content
of CVD-Co/MoS2/Al2O3

Mo content
(wt.%)

NO/Mo
(mol mol−1)

Co content
(wt.%)

Co/Mo
atomic ratio

0 – 2.61 –
3.4 0.480 3.80 1.81
6.9 0.265 3.95 0.93
9.1 0.202 3.58 0.64

14.3 0.104 2.59 0.29
22.2 0.063 2.74 0.20

a Al2O3, JRC-ALO-4.

For MoS2/Al2O3 catalysts with a Mo content
less than a monolayer loading, the Co/Mo ratio was
slightly higher than that expected from the linear line
in Fig. 3. This may indicate the presence of excess Co
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Fig. 4. Co 2p XPS spectra for (a) CVD-Co/Al2O3, (b)
CVD-Co/MoS2/Al2O3, (c) CVD-Co/MoS2/Al2O3 exposed again
to a vapor of Co(CO)3NO, followed by sulfidation and (d)
Co–Mo/Al2O3 prepared by an impregnation. The Co 2p3/2 bind-
ing energies (eV) are shown in the figure[35].
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[35].

species compared to the amount of Co species which
interact with MoS2 phases. It is considered that these
excess Co species interact with the bare Al2O3 sur-
face. Accordingly, it is concluded that, when the Mo
content of MoS2/Al2O3 exceeds a monolayer loading,
CoMoS phases are preferentially formed by using
Co(CO)3NO as a precursor [34]. These results are
explained by a competitive interactions of Mo species
and Co(CO)3NO with the surface basic hydroxyl
groups of Al2O3. The FTIR spectra (Fig. 5) indicate a
preferential interaction of Co(CO)3NO with the most
basic OH− groups at 3787 and 3773 cm−1. When the
Mo content is high enough to consume all the ba-
sic hydroxyl groups on Al2O3 (3 Mo atoms nm−2 or
monolayer composition [51]), Co(CO)3NO molecules
preferentially interact with the MoS2 edge sites (co-
ordinatively unsaturated sulfur atoms) [27,34]. The
Co(CO)3NO molecules are transformed into CoMoS

phases on the second sulfidation at 673 K. Further-
more, it was shown [34] that when Mo/Al2O3 is not
calcined, an excess amount of Co is anchored on the
bare Al2O3 surface even for a monolayer catalyst
because part of basic hydroxyl groups remains intact
due to incomplete reactions with Mo oxide phases.
The amount of Co(CO)3NO fixed on the Al2O3 sur-
face was 2.61 wt.% Co or 1.5 Co atoms nm−2 and
was very close to the maximum amount of Mo ox-
ide species in tetrahedral configurations, Motet, on
Al2O3 (1.7 Mo atoms nm−2 [51]), which is formed
by the consumption of the basic hydroxyl groups.
The Co(CO)3NO molecules adsorbed on Mo oxy-
sulfide species formed from Motet oxide species are
transformed to Co sulfide clusters [34].

When the catalyst was exposed again to a vapor
of Co(CO)3NO and resulfided, the HDS activity of
CVD-Co/MoS2/Al2O3 hardly changed (Table 2).
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Table 2
Amount of anchored Co and the catalytic activity for the HDS of
thiophene as a function of the number of the CVD cycle

Number of CVD cycle Co content (wt.%) HDS activitya

0 0 83
1 2.61 314
2 4.49 304

a 10−5 mol g−1 h−1 at 623 K.

The Co content increased by a factor of 1.7 after
the second addition of Co(CO)3NO. It is concluded
that applying CVD once (5 min at room temperature)
fills the edge sites of MoS2 particles with Co atoms,
constituting CoMoS phases, and that Co(CO)3NO
molecules adsorbed on the edge sites of Co–MoS2
particles are transformed into separate Co sulfide
clusters. Consistent with the results in Table 2, the Co
2p3/2 binding energy of CVD-Co/MoS2/Al2O3 was
reduced by 0.4 eV after the second addition of Co
(Fig. 4).

Fig. 6 presents the FTIR spectra of NO adsorp-
tion on CVD-Co/MoS2/Al2O3, CVD-Co/Al2O3,
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Fig. 6. FTIR spectra of NO adsorption on CVD-Co/MoS2/Al2O3, CVD-Co/Al2O3, MoS2/Al2O3 and a 2 wt.% Co–Mo/Al2O3 impregnation
catalyst.

MoS2/Al2O3 and a conventional Co–Mo/Al2O3 im-
pregnation catalyst. With the latter catalyst, there may
be two sets of doublets due to dinitrosyl species on Mo
(1690 and 1780 cm−1) and Co (1790 and 1850 cm−1),
as many groups have reported [1,53,54]. On the con-
trary, CVD-Co/MoS2/Al2O3 showed essentially a
single doublet (1810 and 1855 cm−1) ascribed to NO
adsorbed on Co sites. This is in accord with the activ-
ity reported in Table 2. Furthermore, all the edge sites
of MoS2 particles that are accessible to NO adsorption
are covered by Co atoms constituting CoMoS phases.

Fig. 7 shows what happened to the Co(CO)3NO
molecules adsorbed on sulfided MoS2/Al2O3 and
Co–Mo/Al2O3 [34]. Table 2 and Fig. 7 indicate that the
maximum potential HDS activity of the MoS2/Al2O3
and Co–Mo/Al2O3 catalysts under study can be pre-
dicted by using Co(CO)3NO as a “probe” molecule.

1.2. Effects of the support on Co–Mo sulfide catalysts

We examined the effect of the support on Co–Mo
sulfide catalysts by preparing the catalysts in the same
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way as the model catalysts. The supports employed
were SiO2, ZrO2, TiO2 and Al2O3. Table 3 gives the
surface area of the support and the Mo content. The Mo
content of the catalyst was fixed approximately at its
monolayer loading. The dispersion of MoS2 particles
was measured by means of NO adsorption. Table 3
also presents the NO/Mo mole ratio.

Fig. 8 shows a comparison of the turnover fre-
quency (TOF) of the thiophene HDS for the Mo

Table 3
Mo catalysts used, the dispersion of Mo sulfides and the amount of Co incorporated after sulfidation at 673 K

Support Surface area (m2 g−1) Mo loading (wt.%) NO/Mo (mol mol−1) Co (wt.%) Co/Mo atomic ratio

Al2O3 177 – 2.61 –
8.66 0.161 2.86 0.538

2.72a 0.511a

0.275 2.65b 0.498b

13.3 0.097 2.36 0.289

SiO2 347 – 0.15 –
6.67 0.074 0.98 0.239

13.3 0.019 0.96 0.117

TiO2 50 – 2.26 –
4.0 0.210 1.92 0.781

ZrO2 25 – 1.65 –
2.0 0.209 1.07 0.871

a Co(CO)3NO was thermally decomposed at 673 K for 1 h in vacuo before the sulfidation.
b H2-treated at 673 K for 30 min prior to the adsorption of Co(CO)3NO.

sulfide catalyst; TOF was calculated on the basis of
the adsorption capacity of NO. The TOF value for
MoS2/SiO2 was 1.6 times higher than the values for
MoS2/TiO2 and MoS2/ZrO2. The TOF of the latter
catalysts was twice as high the TOF of MoS2/Al2O3
in agreement with others [10,20,46,55,56]. According
to Wang et al. [57], the rate constant kex of the sulfur
exchange reaction between dibenzothiophene (DBT)
and Mo sulfide particles during the HDS reaction of
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Mo) and MoS2/SiO2 (6.7 wt.% Mo) [35].

DBT depends on the support and kex of MoS2/TiO2
was larger than that of MoS2/Al2O3. They suggested a
promotional effect of Mo–S–Ti bonding. In agreement
with their observations, the rate constant kSe of the
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Fig. 9. Distribution of the number of stacking of MoS2 slabs for MoS2/Al2O3 (9.1 wt.% Mo) and MoS2/SiO2 (6.7 wt.% Mo). White bar:
MoS2/Al2O3 and black bar: MoS2/SiO2.

S–Se exchange reaction during the hydrode-selenium
reaction of selenophene over MoS2/TiO2 was almost
twice that over MoS2/Al2O3 [58,59]. On the other
hand, the kSe of MoS2/SiO2 differed only slightly to
that of MoS2/Al2O3. The rate of the sulfur exchange
reaction does not seem to be the rate-determining step
in the HDS of thiophene (Fig. 8). The TOF in Fig. 9
probably reflects the interactions between the support
and the MoS2 particles.

Both HDS and hydrogenation (HYD) activity of
supported MoS2 catalysts are very important. The
TOF values of the HYD reaction of butadiene over
the supported MoS2 catalysts are compared (Fig. 8).
MoS2/ZrO2 showed an extraordinarily high TOF of
HYD compared with the other catalysts, suggesting
the formation of specific active sites on the edges of
MoS2 or on the interface between the MoS2 particles
and the ZrO2 surface. With the exception of MoS2/
ZrO2, the TOF of HYD increased as follows: SiO2 <

TiO2 < Al2O3. Based on the TEM results in Fig. 9,
the average stacking number were 2.9 for MoS2/SiO2
and 1.5 for MoS2/Al2O3. The HYD/HDS selectivity
[in Fig. 8] seems to be consistent with the rim-edge
model proposed by Daage and Chianelli [60]. Ef-
fects of the interaction (electronic or geometric)
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between MoS2 particles and the support cannot be
excluded.

The supported MoS2 catalysts were exposed to a va-
por of Co(CO)3NO to prepare CVD-Co/MoS2/support.
Table 3 gives the Co content anchored by the CVD
procedure and Fig. 10 shows the Co 2p XPS spectra
for CVD-Co/MoS2/support. The Co 2p3/2 binding
energies were 779.3 ± 0.1 eV regardless of the sup-
port. Furthermore, the difference in the binding en-
ergy of Co 2p3/2 and S 2p levels was 617.1 ± 0.1 eV,
which is characteristic of a Co sulfide species inter-
acting with MoS2 [52]. These results clearly demon-
strate that the Co atoms, introduced by means of the
CVD technique, interact with MoS2 particles on the
support.

Fig. 11 shows the Co/Mo ratio of CVD-Co/MoS2/
support as a function of the NO/Mo ratio of the
MoS2/support samples. The Co/Mo ratio is propor-
tional to the NO/Mo ratio, substantiating our findings
that Co sulfide species are located on the edge sites
of MoS2 particles. As discussed above, the XPS re-
sults showed that the Co species interact with MoS2
particles. In consequence, we conclude that the Co
sulfide species prepared in this way is characteristic
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Fig. 11. Correlation between the Co/Mo atomic ratio and the
NO/Mo ratio for supported CVD-Co/MoS2 catalysts: (�) Al2O3;
(�) SiO2; (�) ZrO2; and (�) TiO2 [35].

of the CoMoS phase proposed by Topsøe et al. [1,3,4]
and that the CoMoS phase is preferentially formed
when the CVD technique is applied, irrespective of
the support. It is concluded that a Co–Mo model
catalyst can be prepared, when the Mo content corre-
sponds to or exceeds a monolayer loading in MoS2/
support.

Fig. 12 shows the catalytic activity of CVD-Co/
MoS2/support in the HDS of thiophene as a func-
tion of Co loading. A good proportional correlation
was obtained for Al2O3-, TiO2- and ZrO2-supported
Co–Mo model catalysts, regardless of the support
and the pretreatment (pre-reduced before exposure to
Co(CO)3NO or thermally decomposed after exposure,
see Table 3). Since the straight line in Fig. 12 passes
through the origin, the activity is ascribed to the Co
species interacting with MoS2 or the CoMoS phase
and that there are very few unpromoted Mo sites,
if any, after the single adsorption of Co(CO)3NO in
agreement with the FTIR of NO adsorption of CVD-
Co/MoS2/Al2O3 (Fig. 6). The TOF of the CoMoS
phase (the slope of the line) is identical to that of
the Al2O3-, TiO2- and ZrO2-supported catalysts. We
conclude, therefore, that the support has no significant
effects on these catalyst systems. The HDS activity
of Co–Mo/Al2O3, prepared by an impregnation, was
somewhat lower than that of CVD-Co/MoS2/Al2O3
with similar Co and Mo loadings (Fig. 12). This is ob-
viously due to the formation of less active Co species
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such as Co9S8 clusters and Co2+ in the Al2O3 sub-
layer in addition to the CoMoS phases, in line with
the Co 2p XPS spectrum in Fig. 4.

Fig. 12 shows that the specific activity of the Co
species supported on SiO2 is 1.7 times higher than the
activity on the other supports. Taking into account the
difference in activity between CoMoS Type I and Type
II [15], CoMoS Type I probably forms on the Al2O3,
TiO2 or ZrO2 supports under the present sulfidation
conditions (673 K, atmospheric H2S/H2), while Co-
MoS Type II is produced mainly on SiO2 by the dec-
oration of MoS2 particles with Co using Co(CO)3NO.
It has been claimed [15–17] that CoMoS Type II is
present as a multi-layer structure of MoS2 particles,
whereas CoMoS Type I exists as a single slab struc-
ture. Our TEM results support this finding and in-
dicate that MoS2/SiO2 has a well developed MoS2
multi-layer structure, whereas MoS2/Al2O3 has a sin-
gle slab MoS2 structure (Fig. 9). Based on the model
catalysts, we conclude that CoMoS Type I, supported
on Al2O3, TiO2 or ZrO2, has the same TOF of the
HDS of thiophene and that CoMoS Type II forms on

MoS2/SiO2. The number of Co atoms constituting the
CoMoS phases was evaluated by means of 57Co Möss-
bauer emission spectroscopy for conventional Co–Mo
catalysts [11–15]. The amount of the CoMoS phases
can be determined simply by analyzing the Co con-
tent in the Co–Mo model catalysts, if the procedure
for preparing the model catalyst is applied.

Fig. 13 presents the catalytic activity of CVD-Co/
MoS2/support for the HYD of butadiene as a function
of Co content. The effect of the support was different to
that for HDS. The TOF of the HYD on CoMoS phases
is identical for SiO2-, TiO2- and ZrO2-supported cat-
alysts, showing that these supports have almost no ef-
fect on the reaction, in contrast to the strong effect
of the support on the MoS2/support catalysts (Fig. 8).
However, CVD-Co/MoS2/Al2O3 led to a TOF of HYD
that was twice as high as that of the other catalysts; but
we do not know why. It may be due to different active
sites for HDS and HYD and/or different dependence
on the electronic state of the CoMoS phases. The re-
sults presented in Fig. 13 will be used for designing
catalysts for the HDS of FCC gasoline.
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SiO2; and (�) Co–Mo/Al2O3 impregnation catalyst [35].

2. Concluding remarks

CVD-Co/MoS2/Al2O3 model sulfide catalysts,
in which CoMoS phases were selectively formed,
were prepared by means of a CVD technique us-
ing Co(CO)3NO as the precursor of Co. XPS, FTIR
and NO adsorption showed that CoMoS phases are
formed selectively when the Mo content exceeds the
monolayer loading. A single exposure of MoS2/Al2O3
to a vapor of Co(CO)3NO at room temperature
fills the edge sites of the MoS2 particles. It is sug-
gested that the maximum potential HDS activity of
the MoS2/Al2O3 and Co–Mo/Al2O3 catalysts under
study can be predicted by using Co(CO)3NO as a
“probe” molecule. The fate of Co(CO)3NO adsorbed
on MoS2/Al2O3 was proposed.

The effects of the support on Co–Mo sulfide cata-
lysts in HDS and HYD were investigated with CVD-
Co/MoS2/support model catalysts. XPS and NO
adsorption showed that Co–Mo model catalysts
are prepared for SiO2-, TiO2-, ZrO2- and Al2O3-
supported catalysts by means of the CVD technique.
The HDS activity of thiophene was proportional to the
amount of CoMoS phases for CVD-Co/MoS2/Al2O3,
CVD-Co/MoS2/TiO2 and CVD-Co/MoS2/Al2O3. It is
concluded that the support does not affect the reactiv-
ity of the CoMoS phases in HDS when the catalysts
are supported on TiO2, ZrO2 and Al2O3. In contrast,

CoMoS phases on SiO2 show catalytic features char-
acteristic of CoMoS Type II. On the other hand, the
Co species on MoS2/TiO2, ZrO2 and SiO2 had the
same HYD activity for the HYD of butadiene, while
the Co species on MoS2/Al2O3 had a higher activity.

It is proposed that the preparation of the model
catalysts, as described here, provides valuable insight
into the nature of Co–Mo sulfide catalysts: the cata-
lyst structure, the coverage of Co on the edge sites of
MoS2 particles [34], the effects of catalyst preparation
[34], the effects of the support [35] and NO adsorption
behavior [61].
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