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1t was, for the first time, demonstrated by means of FTIR, EXAFS, XPS, and XRF
techniques that thermally stable Co~ Mo binary sulfide clusters were synthesized in NaY
zeolite cavities using Co and Mo carbonyls as precursors. The hydrodesulfurization
(HDS) and hydrogenation activities of the intrazeolite nanocomposite sulfide clusters
were examined as a function of composition. It was found that the highest HDS activity
was attained at Co/Mo = 1 (2 Mo/super cage or 12 wt. % Mo) and that the Co sites of
the clusters were responsible for the reactions. The composition of the catalytically ac-
tive intrazeolite Co— Mo sulfide clusters was implied to be Co,Mo,S,. The present
intrazeolite nanostructure approach strongly suggested that the Co— Mo binary sulfide
formation played a prominent role in the catalytic synergy generation. Metal carbony!
techniques were used in the preparation of intrazeolite Fe — Mo binary sulfides.

Introduction

Zeolites possess unique properties as catalyst supports;
well-defined and ordered pore structure on a molecular level,
high thermal stability, and high surface area (Breck, 1974).
The pore size, electronic states, and acid-base nature of
zeolites can be controlled by crystal structure, composition,
or an extra-framework cation (Breck, 1974; Mortier and
Schoonheydt, 1985; Rabo and Gajda, 1989/1990; Okamoto,
1995b). When well-characterized precursors are used for
preparation, uniform and well-defined nanostructures in or-
dered arrays are thereby anticipated to form in zeolite cavi-
ties. From the viewpoint of catalysis, the preparations of uni-
form and catalytically active clusters encaged in zeolite are
thought to lead to highly selective catalysts modified by
molecular sieving effects, and to facilitate an understanding
of the relationship between the catalyst structure and cataly-
sis. Intrinsically, high dispersions of the intrazeolite clusters
may bring about highly active catalysts.

Encapsulation of metal complexes in zeolite cavities and
the synthesis of metal clusters from appropriate precursor
complexes have been extensively studied for the development
of a novel type of catalysts, and some of them are employed
in the chemical industry (Ichikawa, 1992; Sachtler and Zhang,
1993; Gates, 1995). Preparations of intrazeolite metal oxide
or sulfide clusters with well-defined nuclearities and struc-
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tures, however, have been examined much less: W (Ozin and
Ozkar, 1990; Moller et al., 1991; Ozin et al, 1992a,b), Mo
(Ozin et al., 1992b; Okamoto et al., 1993), and Fe (Bein et
al., 1986a,b; Okamoto et al., 1996b); oxides synthesized by
oxidizing the corresponding metal carbonyls and Cd (Wang
and Herron, 1987, 1988; Herron et al., 1989; Fox and Pettit,
1989; Liu and Thomas, 1989; Wark et al., 1991), Zn (Fox and
Pettit, 1989), and Pb (Wang and Herron, 1987; Wark et al,,
1991); sulfide clusters by sulfidation of cation-exchanged zeo-
lites. Extended X-ray absorption fine structure (EXAFS)
studies showed the formations of uniform nanoclusters with
well-defined structures characteristic of the pore structure of
the host zeolite. Some of these nanostructures exhibit quan-
tum-sized effects for photoabsorptions (Stucky and Mac-
Dougall, 1990). However, the catalytic properties of the oxide
or sulfide species thus prepared have scarcely been investi-
gated. In our previous study, it was shown that intrazeolite
iron oxide clusters prepared using Fe(CO); exhibited high ac-
tivities for the reduction of NO by CO and for the selective
oxidation of 1-butene to butadiene (Okamotio et al., 1996b).
Molybdenum sulfide clusters encaged in a zeolite were found
to be prepared by sulfiding Mo(CO), encaged in a NaY zeo-
lite (Okamoto et al., 1988, 1989a; Laniecki and Zmierczak,
1991; Vorbeck et al., 1994; Okamoto and Katsuyama, 1996a;
Okamoto et al. 1996¢; Sakamoto et al., 1996), and to show
significantly higher hydrodesulfurization and hydrogenation
activities than those prepared by a conventional impregna-
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tion method. Besides, quantum-sized metal sulfide or oxide
particles are considered to be promising as photocatalysts,
too.

Practical catalysts usually consist of several synergistic
components; for instance, a main catalytic component and
promoters (Gates et al., 1979). Extensive research has been
conducted to reveal the origin of synergy generation between
these ingredients. In order to understand the precise mecha-
nism of catalytic synergy generation, and thus for the design
of a novel type of composite catalyst, it is considered promis-
ing to fabricate zeolite-encaged composite clusters with a
uniform composition and structure. To our knowledge, how-
ever, no intrazeolite nanocomposite oxide or sulfide clusters
have been synthesized in well-characterized forms, despite the
great importance of composite systems for catalysts. In the
present study, we tried to prepare Co—Mo binary sulfide
clusters encapsulated in a NaY zeolite.

Co—Mo binary sulfide systems are widely used as hydro-
treating catalysts in the petroleum industry (Schuit and Gates,
1973; Gates et al., 1979; Topsge and Clausen, 1984; Topsge
et al., 1986; Prins et al., 1989; Delmon, 1993; Chianelli et al.,
1994; Topsge et al., 1996). It is well established that strong
catalytic synergies pass between Co and Mo sulfides, for ex-
ample, for hydrodesulfurization reactions. The origin of the
synergy generation in Co—Mo systems is still controversial
(Prins et al., 1989; Delmon, 1993; Chianelli et al., 1994;
Topsee et al., 1996). The present intrazeolite nanocomposite
approach strongly suggested that Co—-Mo binary sulfide for-
mation is important for the synergy generation.

Experimental Studies
Catalyst preparation

After evacuation at 673 K for 1 h (1x 1073 Pa), a NaY
zeolite possessing a Si/Al atomic ratio of 2.1 (Shokubai Kasei
Kogyo Ltd., Japan) was exposed to a vapor of Mo(CO),
Co(CO);NO, or Fe(CO); at room temperature, followed by
an evacuation at room temperature for 10 min to remove
physisorbed metal carbonyl molecules on the external surface
of the zeolite. The amount of the metal carbonyl adsorption
in zeolite was controlled by the adsorption time, the repeti-
tion cycle of the adsorption, and the amount of a dose using
a known volume of vapor. A saturated adsorption of Mo(CO),
took about 16 h, while a saturation was attained within a few
minutes for Co(CO);NO or Fe(CO)s. Mo(CO)y/NaY,
Co(CO),NO/NaY, or Fe(CO);/NaY thus prepared was sul-
fided in a stream with an atmospheric pressure of 10%
H,S/H,. The sulfidation temperature was increased from
room temperature to 373 K at a rate of 2 K min~! and held
at 373 K for 1 h. Subsequently, the temperature was ramped
to 673 K at a rate of 5 K min~! and held at the temperature
for 1.5 h. After the sulfidation, the sample was cooled in the
H,S/H, stream to room temperature. The metal sulfide cat-
alysts thus prepared are denoted MoSx/NaY, CoSx/NaY, or
FeSx/NaY. Mo sulfide catalysts, MoS,/NaY, were also pre-
pared by a conventional impregnation method using ammo-
nium heptamolybdate, for comparison. The catalyst precur-
sor was calcined in air at 773 K for 5 h.

Binary sulfide catalysts—CoSx~-MoSx/NayY
catalysts—were synthesized by introducing Co(CO});NO into
MoSx/NaY after an evacuation at 673 K for 1 h, followed by
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a second temperature-programmed sulfidation at 673 K for
1.5 h. Co,(CO), dispersed in n-heptane was also examined
instead of Co(CO);NO to prepare zeolite-supported Co-Mo
binary sulfides. A known amount of a degassed Co,(CO)g/n-
heptane solution was admitted to MoSx/NaY or MoS,/NaY
in vacuum through a breakable joint while shaking well. After
removing the solvent by evacuation at room temperature,
the sample was sulfided in the same manner as the
Co(CO);NO-derived catalysts. The catalyst sample prepared
using Co,(CO); is denoted here, for example, CoSx/
MoSx/NaY.

The Co and Mo contents of the sulfide catalysts were de-
termined by chemical analysis (AAS and ICP). For the sake
of the elemental analysis of the sulfide catalyst, X-ray fluo-
rescence (XRF, Rigaku Industrial Corp., RIX3001) measure-
ments were conducted under a He stream to minimize degra-
dation of the sample during the XRF analysis.

Reaction procedure

The hydrodesulfurization (HDS) of thiophene and hydro-
genation (HYD) of butadiene were carried out over the sul-
fide catalysts (0.1 g) using a circulation system (0.20 dm?)
made of glass. The details of the procedures have been re-
ported elsewhere (Okamoto et al., 1995a, 1996a). Briefly, the
HDS of thiophene was carried out at 623 K and at an initial
total pressure of 20 kPa (H,/C,H,S = 36). The thiophene
pressure was kept constant (0.54 kPa) during the reaction by
holding a small amount of liquid thiophene kept at 273 K as
a reservoir in the bottom of a U-tube in the circulation sys-
tem. The activity was evaluated by the amount of H,S evolved
during the reaction. The HYD of butadiene was conducted
at 473 K over the catalyst, which had been used for the HDS
reaction for 1 h and subsequently evacuated at 673 K for
1 h. The initial pressure of the reaction gas was 14 kPa
(H,/C,H = 2). The reaction gas was analyzed by means of
an on-line gas chromatography.

Catalyst characterization

The Mo and Co K-edge EXAFS spectra for the catalysts
and reference compounds were measured on the BL-10B and
6B, respectively, at the Photon Factory of the National Labo-
ratory for High Energy Physics by means of synchrotron radi-
ation. The EXAFS spectra were obtained at room tempera-
ture using an in situ EXAFS cell with Kapton windows. Data
analysis was conducted assuming a plane-wave approxima-
tion. Details of the procedures have been published else-
where (Okamoto et al., 1991, 1995a).

The X-ray photoelectron spectroscopy (XPS) data of the
catalysts were obtained on an XPS-7000 photoelectron spec-
trometer (Rigaku Industrial Corp., Al anode; 1486.6 ¢V). The
sample was mounted on a sample holder in a glove bag filled
with high-purity Ar. The binding energies were referenced to
the Si2p level at 103.0 eV for the NaY zeolite, which had
been determined by the Cls level at 285.0 eV due to adventi-
tious carbon.

The FTIR spectra of NO adsorption on the catalyst were
measured on a JEOL JIR-100 spectrophotometer in a diffuse
reflectance mode. After a background spectrum was mea-
sured in situ for a freshly sulfided catalyst at 673 K, NO was
introduced to the catalyst as an NO/He pulse (10% NO, 5.1
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cm?). The spectra were recorded after admission of five
pulses. The IR spectra of the NO adsorption on MoSx/NaY
were measured in the transmission mode using an in situ cell
on a Hitachi double-beam spectrophotometer (EPI-G).

Results
Mo, Co, and Fe Sulfides Encaged in NaY

The number of Mo(CO), molecules accommodated in each
supercage (SC) was saturated at 1.9-2.1 Mo/SC or 12 wt. %
Mo with respect to NaY, in agreement with the results by
other workers (Komatsu et al., 1985; Yong and Howe, 1986).
The HDS activities of MoSx/NaY and MoS,/NaY are shown
in Figure 1 as a function of the Mo content as expressed by
Mo atoms/SC. The activity of MoSx/NaY linearly increased
up to 2Mo/SC, followed by a leveling off of activity at a higher
Mo content. MoSx/NaY catalysts were 3—4 times more ac-
tive than MoS,/NaY, in conformity with the results obtained
using a fixed-bed flow reactor (Okamoto et al., 1988, 1989a).
Although the catalytic activities obtained using the present
circulation system are initial ones of the fresh catalysts, rela-
tive HDS activities of the catalysts in Figure 1 are considered
to represent relative steady-state activities.

Figure 2 shows the catalytic activities of NaY-supported
Mo sulfides for the HYD of butadiene as a function of Mo
content. Mo-loading effects similar to those for HDS were
observed, and the HYD(473 K)/HDS (623 K) activity ratio
was 0.45-0.50, irrespective of the Mo-loading and-prepara-
tion methods.

The dispersion and structure of the Mo sulfide species in
MoSx/NaY and MoS,/NaY were examined using EXAFS
techniques. The k3-weighted Fourier transforms of Mo K-
edge EXAFS are depicted in Figure 3. The structural param-
eters derived from EXAFS analysis are summarized in Table
1. Detailed analysis of EXAFS data of MoSx/NaY and
MoS,/NaY was reported elsewhere (Okamoto et al., 1996a).
With MoSx/NaY, only Mo-S and Mo—Mo bondings were
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Figure 1. Activity of a NaY-supported metal sulfide cata-
lyst for hydrodesulfurization of thiophene as a
function of metal loading as expressed by
metal atoms/SC.

@®: MoSx/NaY; a: MoS,/NaY; O: CoSx/NaY; and a:
FeSx/NaY.
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Figure 2. Activity of a NaY-supported metal sulfide cata-
lyst for hydrogenation of butadiene as a func-
tion of metal loading as expressed by metal
atoms/SC.

@®: MoSx/NaY; a: MoS,/NaY; and O: CoSx/NaY.

observed, indicating a complete sulfidation of Mo(CO), to
Mo sulfide species. A significantly low coordination number
of Mo—Mo bondings (ca., unity) suggests that the Mo sulfide
species in MoSx/NaY are highly dispersed, possibly forming
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Figure 3. Fourier transforms of k*-weighted EXAFS

modulations (Ak =4-15 A'') of the Mo
K-edge for MoSx/NaY (2 Mo/SC) and MoS,/
NaY (0.8 Mo/SC, sulfided for 5 h).
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Table 1. Structural Parameters™ as Derived from the Mo K -Edge EXAFS for Mo, Co-Mo, and Fe-Mo Sulfide Catalysts
Encaged in a NaY Zeolite

Loadings/SC**

Catalyst Mo Co/Fe Bondings R/A CN E,/eV Ao YA
MoSx/NaY’ 2.1 - Mo-S$ 2.40 4.7 -23 0.0048
‘ Mo—Mo 3.15 1.1 -2.0 0.0089
MoS,/NaY ™ 0.8 — Mo-O 1.78 0.8 127 0.0017
Mo-S 242 1.1 ~5.0 0.0016
Mo-Mo 3.16 12 -38 0.0110
CoSx—MoSx/NaY 2.1 2.1 Mo-S 241 5.0 -5.8 0.0020
Mo-Mo 3.18 0.7 0.2 0.0079

Mo—Co? 2.83 — — —
FeSx—-MoSx/NaY 2.0 18 Mo-$S 2.39 48 -55 0.0052
Mo-Mo 3.17 0.9 -22 0.0056

*R: bond distance; CN: coordination number; Ey: inner potential; o: Debye-Waller-like factor.

**Metal atoms/supercage.
. Sulfided at 673 K for 1.5 h.
'Sulfided at 673 K for 5 h.
$Bond distance was estimated using theoretical parameters.

Mo sulfide dimer species. On the other hand, the EXAFS
results in Figure 3 for MoS,/NaY show that Mo—O bondings
remain after the sulfidation at 673 K, even for a prolonged
sulfidation time (5 h).

The (average) compositions of the Mo sulfide species in
MoSx/NaY and MoS,/NaY were determined using XPS
(S2s/Mo3d and S2p/Mo3d intensity ratios, S2p,, =162.0+
0.2 eV and S2s = 226.4+0.2 eV) and XRF. They are summa-
rized in Table 2. In agreement with the EXAFS results, it
was found that the Mo sulfide species in MoSx/NaY were
completely sulfided (S/Mo = 2), whereas those in MoS,/NaY
were only partially sulfided.

It was shown that at saturation two Co(CO);NO molecules
were accommodated per each supercage of NaY (2Co/SC, or
7.3 wt. % Co with respect to NaY). CoSx/NaY catalysts ex-
hibited high HDS activities that are almost comparable to
those of MoSx/NaY, as shown in Figure 1. However, Figure
2 shows that CoSx/NaY shows only a little HYD activity un-
der the present reaction conditions. The HYD/HDS activity
ratio was ca. 0.1 or from much lower than that for
MoSx/NaY.

The k3-weighted Fourier transforms of the Co K-edge EX-
AFS for CoSx/NaY and Co,Sg are compared in Figure 4.
The Fourier transform for Co,Sg showed a convoluted peak
at around 0.2 nm (uncorrected for the phase shifts), due to
Co-S and Co-Co bondings, and a relatively weak peak at
about 0.33 nm, due to Co—Co bondings in the third coordina-
tion sphere (Bouwens et al.,, 1991). On the other hand, with

Table 2. Composition of Intrazeolite Metal Sulfides

Loadings/SC
Metal Sulfide Mo Co/Fe  Composition  Technique
MoSx/NaY 2.0* MoS, 554 XPS
1.9 MoS, , XRF
MoS,/NayY** 24 MoS, ; XPS
CoSx/NaY 2.1 CoS, XRF
FeSx/NaY 21 FeS, XRF
CoSx—-MoSx/NaY 2.0* 2.0* Co,yMo0,4Sss XPS
1.9 2.0 Co, oMo, oSs; XRF

*Chemical analysis using ICP and AAS; accuracy: + 0.1/SC.
**Prepared by an impregnation method.
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CoSx/NaY a peak attributable to Co—S bondings appeared
separately at 0.17 nm with a weak shoulder peak at ca. 0.2
nm, obviously demonstrating a much weaker contribution
from the Co—-Co bondings in the second coordination sphere.
No clear Fourier transform peak was observed at 0.33 nm.
These findings clearly show that Co sulfide species prepared
using Co(CO),NO are highly dispersed in CoSx/NaY. As
presented in Table 2, it is likely that the stoichiometry of
CoSx species is slightly sulfur-rich compared to that of Co,S;
(CoS g)-
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Figure 4. Fourier transforms of k°-weighted EXAFS
modulations (Ak=4-15 A~') of the Co
K-edge for CoSx/NaY (2 Co/SC) and Co,S,.

AIChE Journal



FeSx/NaY prepared using Fe(CO); as a precursor showed
only a very low HDS activity at 673 K, as illustrated in Figure
1. On the basis of a Fe2 p/Si2 p XPS intensity ratio, it is esti-
mated that this results partly from a large segregation of Fe
sulfides over the external surface of the NaY zeolite during
the suifidation. XPS results showed that Fe was completely
sulfided (Fe2p,,; 709.0+0.2 eV).

Co—- Mo binary sulfides encaged in NaY

The thiophene HDS activity of CoSx-MoSx/NaY, which
possesses a constant amount of Mo (2.1Mo/SC or 12.5 wt. %
Mo) is shown in Figure 5 as a function of Co content as ex-
pressed by the Co/Mo atomic ratio. The activity linearly in-
creased as the Co content increased up to Co/Mo =ca. 1.
The activity of CoSx-MoSx/NaY was higher than the sum
of the activities of the corresponding MoSx/NaY and
CoSx/NaY. Accordingly, it is concluded that the NaY-sup-
ported Co—Mo sulfide catalysts generate catalytic synergy be-
tween Co and Mo sulfides, with maximum HDS activity ap-
pearing at Co/Mo atomic ratio = ca. 1. On the other hand,
FeSx-MoSx/NaY showed no catalytic synergies, as depicted
in Figure 5.

The HDS activity in Figure 5 did not change when CoSx~
MoSx/NaY was subjected to a prolonged sulfidation (20 h)
at 673 K, indicating a high thermal stability of the catalyti-
cally active sulfide species. It was also found that, as long as
the composition was identical, MoSx -CoSx/NaY, which was
prepared by the introduction of Mo(CO), to CoSx/NaY and
the subsequent sulfidation at 673 K, exhibited the same HDS
activities as CoSx—MoSx/NaY.

The activity of CoSx~MoSx/NaY for the HYD of butadi-
ene was found to decrease only slightly as the Co content
increased up to Co/Mo =1, although the HYD activity of
CoSx/NaY was very low compared to that of MoSx/NaY
(Figure 2). Accordingly, the HYD/HDS activity ratio linearly
decreased as the Co content and reached a ratio identical
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Figure 5. Catalytic activities of CoSx-MoSx/NaY (2.1
Mo/SC) and FeSx -MoSx/NaY (2.0 Mo/SC) as
a function of Co or Fe content as expressed
by Co(Fe)/Mo atomic ratio for HDS of thio-
phene.
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with that of Co sulfides at Co/Mo =1. Besides, the butene
selectivity in the butadiene HYD of CoSx-MoSx/NaY
shifted upon the addition of Co from a frans-2-butene-rich
composition, characteristic of Mo sulfides, to a 1-butene-rich
one, characteristic of Co sulfides. The HYD selectivity of
CoSx—MoSx/NaY was identical to that of CoSx/NaY at
Co/Mo =1.

Figure 6 illustrates the FTIR spectra of NO adsorbed on
CoSx/NaY and CoSx-MoSx/NaY. Only the absorption po-
sitions are shown for MoSx/NaY for comparison. Nitric ox-
ide molecules adsorb on Co or Mo sites, forming dinitrosyl
complexes, and provide a pair of bands due to symmetric and
asymmetric stretching vibrations (Okamoto et al., 1981;
Topsge and Topsge, 1983). With CoSx/NaY, two peaks at
1,890 and 1,811 cm ! were observed with a shoulder band at
1,865 cm ™!, suggesting the presence of two kinds of NO ad-
sorption sites. In agreement with the observations for
MoS,/Al,0, (Okamoto et al., 1981; Topsge and Topsge,
1983). MoSx/NaY showed two intense bands at 1,795 and
1,660 cm ™!, CoSx—MoSx/NaY exhibited doublet bands at
1,867 and 1,807 cm ™!, accompanying a shoulder band at ca.
1,880 cm . These bands are apparently assigned on the ba-
sis of the band positions to the NO adsorbed on sulfided Co
sites. It is noteworthy that with CoSx-MoSx/NaY (Co/Mo
=1), no IR peaks are observed that are due to the NO ad-
sorbed on the Mo sulfide sites. It is concluded that, in spite
of the simultaneous presence of the same amount of Mo sul-

MoSx/NaY

1795 €—
1660 €—

CoSx - MoSx / Nay

Yl

Absorbance

0.9 T T T T - T
2100 1900 1700 1500
Wavenumber / cm-!

Figure 6. FTIR spectra of NO adsorption on CoSx/NaY

(2.1 Co/SC) and CoSx-MoSx/NaY (2.1 Co+
2.1 Mo/SC); peak positions for MoS x/NaY are
shown for comparison.
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fide species, coordinative unsaturation sites are formed only
on Co sites.

Co-Mo binary sulfide catalysts were characterized by
means of EXAFS, XPS, and XRF to reveal the formation of
composite sulfides, electronic states, and composition. Fig-
ure 7 shows the k3-weighted EXAFS functions, k’y(k),
for MoSx/NaY (suifided for 3 h for comparison),
FeSx-MoSx/NaY, and CoSx-MoSx/NaY. The correspond-
ing Fourier transforms are shown in Figure 8. MoSx/NaY

: an
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Figure 7. Background-subtracted k3-weighted EXAFS
functions, k® x(k), of the Mo K-edge for: (a)
MoSx/NaY (2 Mo/SC, sulfided for 3 h); (b)
FeSx-MoSx/NaY (2 Fe+2 Mo/SC); (c)
CoSx-MoSx/NaY (2 Co+2 Mo/SC).

2814

Ceramics Processing 1997 Vol. 43, No. 11A

@
O
=
U)x o
— ! (_‘)
= o
»2 =
S (®]
2 =
— o
—_ =
o
I COSX‘Mogx/NaY
O 4
T =
Q
=

FeSx-MoSy/NaY

MoSy/NaY
1 g 1 1 1 i 1 1 1

0 1 2 3 4 5 6

Distance / A

Figure 8. Fourier transforms of k3-¥veighted EXAFS
modulations (Ak=4-15 A~"') of the Mo
K-edge for MoSx/NaY (2 Mo/SC, sulfided for
3 h), FeSx-MoSx/NaY (2 Fe+2 Mo/SC), and
CoSx-MoSx/NaY (2 Co+2 Mo/SC).
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showed Mo-S and Mo-Mo bondings at 0.20 and 0.28 nm
(uncorrected for phase shifts), respectively. With
CoSx-MoSx/NaY, however, a new peak appeared at 0.24
nm in addition to the Mo-S and Mo—-Mo bondings. These
spectral features were reproducible in separate experiments.
Since at present we have no experimental EXAFS parame-
ters for Mo—Co bondings, we analyzed the peak using only
the theoretical parameters calculated by Teo and Lee (1979).
Using the theoretical EXAFS parameters, the analysis was
found to provide correct atomic distances, for example, Mo-S
(0.241 nm) and Mo~Mo (0.316 nm) bondings for MoS,, al-
though significantly smaller coordination numbers were ob-
tained. It was found that the inverse Fourier transformed os-
cillation of the peak (AR = 0.232-0.268 nm) was reasonably
curve-fitted (R factor; 10%) only when Mo-Co bondings were
assumed. This may suggest that the peak at 0.24 nm is as-
signed to Mo—Co bondings. The structural parameters thus
estimated are summarized in Table 1. The Mo—Co bond dis-
tance was estimated to be 0.283 +0.001 nm, which is con-
sistent with those reported for supported Co—Mo binary
sulfide catalysts (Bouwens et al., 1990, 1991, 1994). No Fourier
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transform peak due to Mo-Fe bondings was observed for
FeSx—MoSx/NaY, as shown in Figure 8.

The formation of the Co—~Mo composite sulfides was exam-
ined by XPS for the NaY-supported Co—Mo binary sulfide
catalysts. Figures 9 and 10 present the Mo3d and Co2p XPS
spectra, respectively, for zeolite-supported Co~Mo binary
sulfide catalyst systems. The Mo3d spectra for the catalysts
prepared using Mo(CQ)4 showed an exclusive formation of
MoS, (Mo3ds,; 228.9 eV). On the other hand, the convo-
luted spectra for MoS,/NaY-based catalysts apparently indi-
cated the simultaneous presence of the Mo®* (230.7 eV) and
Mo®* (233.2 eV) species (Li and Hercules, 1984; Okamoto et
al., 1989b; Okamoto et al., 1996c) together with MoS,,
demonstrating a partial sulfidation of the Mo species, which
agrees with the EXAFS results in Figure 3. The spectral fea-
tures of the Mo3d level were not altered by the addition of
Co.

The Col2p,, binding energy for CoSx-MoSx/NaY was
779.1 eV, which was higher by 0.6 eV than that for CoSx/NaY
(778.5 eV), the binding energy of which is close to that for
Co,S, (778.4 e V) (Alstrup et al., 1982). In MoSx —CoSx/Nay,
in which Mo(CO), was introduced to CoSx/NaY, the Co2p
XPS spectrum also showed the formation of Co sulfide species
with a high Co2p;, binding energy (779.3 eV). These high
Co2p binding energies suggest the formation of specific Co
sulfide species interacting with the preexisting or succeed-
ingly admitted Mo sulfide species. On the other hand,
CoSx/MoSx/NaY, prepared by using Co,(CO)q instead of
Co(CO);NO. showed a Co2p;, binding energy at 778.4 eV,
indicating that separate Co sulfide species are formed at least
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Figure 9. Mo3d XPS spectra for CoSx-MoSx/NaY,
MoSx-CoSx/NaY, CoSx/MoS x/Nay,
CoSx -MoS,/NaY, and CoS x/MoS,/NaY.
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Figure 10. Co2p XPS spectra for CoSx-MoSx/Nay,
MoSx-CoSx/NaY, CoSx/MoS x/Nay,
CoSx-MoS,/NaY, and CoSx/MoS,/NaY.

on the outer surface of MoSx/NaY. Surface segregation of
the Co sulfide species over the external surface of the zeolite
in CoSx/MoSx/NaY (1.2 Co+2.1 Mo/SC) was indicated by
a significantly higher Co2p/Si2p XPS intensity ratio (2.62),
in spite of smaller Co content, than the ratio (1.21) for
CoSx—-MoSx/NaY (2.2 Co+2.1 Mo/SC). The Co2 D3, bind-
ing energies for the MoS,/NaY-derived systems were consis-
tent with that of CogSg, suggesting that a majority of surface
Co sulfide species is present as separate Co sulfides because
of an incomplete sulfidation and poor dispersion (vide infra)
of the Mo sulfide species in MoS,/NaY.

The composition of catalytically active Co—Mo binary sul-
fide species was estimated by means of XPS and XRF. In the
case of XPS, the area intensity ratios, S2p/Mo3d and
S25/Mo3d calibrated using MoS, as a reference, were used
to calculate the S/Mo atomic ratio. The Co and Mo contents
were obtained separately by chemical analysis. XRF mea-
surements were made within a He atmosphere to prevent
degradation of the sulfide samples by air oxidation. The com-
position thus obtained are summarized in Table 2. The XPS
and XRF analyses of CoSx—~MoSx/NaY provided an identi-
cal atomic ratio of 6/2/2 for S/Mo/Co.

Figure 11 depicts the catalytic activities of CoSx-
MoSx/NaY and CoSx/MoSx/NaY for the HDS of thio-
phene in comparison with the corresponding simple sums of
the activities of CoSx/NaY and MoSx/NaY, similarly pre-
pared at the identical compositions. It was shown that a sig-
nificant catalytic synergy was generated for CoSx-
MoSx/NaY, while the activity of CoSx/MoSx/NaY was even
lower than the total activity.
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Figure 11. Activities of CoSx-MoSx/NaY (2 Co+2 Mo/
SC) and CoS x/MoSx/NaY (1.2 Co+2 Mo/SC)
for the HDS of thiophene; the corresponding
sum activities of MoSx/NaY and CoSx/NaYy
(prepared using Co(CO);NO or Co,(CO),)
are also shown for comparison.

Discussion
Intrazeolite Mo and Co sulfides

The EXAFS (Figure 3) and XPS (Figure 9) results on
NaY-supported Mo sulfide catalysts indicate that the Mo sul-
fide species in MoSx/NaY are completely sulfided and highly
dispersed. A complete sulfidation of the Mo species is also
supported by the S/Mo atomic ratio in Table 2. In line with
this, Vorbeck et al. (1994) showed the formation of stoichio-
metric Mo sulfide species by using Mo(CO),. Based on the
combined results of high-resolution transmission electron mi-
croscopy (HRTEM), X-ray diffraction (XRD), relative HDS
activities of substituted thiophenes, and pore volume mea-
surements using benzene as an adsorbant (Okamoto et al.,
1996¢c; Sakamoto et al., 1996), it has been demonstrated with
MoSx/NaY that the pore structure of the host zeolite is not
degraded by accommodating Mo sulfide clusters, and that
finely dispersed Mo sulfide clusters are located in the zeolite
cavities. It is therefore concluded that intrazeolite Mo sulfide
clusters can be prepared using Mo(CO)q as a precursor.

On the other hand, current results using EXAFS, XPS, and
sulfur analysis lead to the conclusion that Mo oxide species
are only partially sulfided in MoS,/NaY. It is estimated from
the S/Mo ratio in Table 2 that the degree of sulfidation of
MoS,/NaY is about half under the present sulfidation condi-
tions. In addition, the ratio of the coordination numbers,
CN(Mo-Mo)/CN(Mo-S), is close to unity for crystalline
MoS,, suggesting poor dispersion of the Mo sulfide species
in MoS,/NaY. Partial sulfidation of conventional impregna-
tion catalysts supported on zeolite has been reported by other
workers (Leglise et al., 1988; Ezzamarty et al., 1989; Ander-

2816

Ceramics Processing 1997 Vol. 43, No. 11A

son et al., 1993; Vorbeck et al., 1994). This partial sulfidation
of Mo is ascribed to the formation of tetrahedrally coordi-
nated Mo oxide species during calcination (Cid et al., 1984;
Okamoto et al., 1996a).

The higher HDS and HYD activities of MoSx/NaY are
thought to result from a higher concentration of the active
sites in MoSx/NaY than in MoS,/NaY, due to the complete
sulfidation of Mo(CO), and a higher dispersion of the re-
sultant Mo sulfide clusters. The same conclusions can be
drawn from the fact that MoSx/NaY has a higher NO ad-
sorption capacity than does MoS,/NaY (Okamoto et al.,
1989a; Laniecki and Zmierczak, 1991).

The EXAFS results in Figure 4 indicate that the Co sulfide
species are highly dispersed. The high HDS activity of
CoSx/NaY is attributed to the high dispersion of the Co sul-
fide species. Vissers et al. (1987) proposed that the high HDS
activities of carbon-supported Co sulfide catalysts were due
to the extremely high dispersion of the Co species. It is
thought that the Co sulfide clusters in CoSx/NaY settle in
the zeolite pores, since the HDS activities and Co2p XPS
results for MoSx-CoSx/NaY were identical with those for
CoSx-MoSx/NaY, in which Mo sulfide clusters, and thus
the Co sulfide species interacting with the Mo sulfides are
thought to be present in the pores. It is noteworthy that highly
dispersed intrazeolite Co sulfide clusters are prepared using
Co(CO);NO adsorbed in NaY zeolite, even at a considerably
high Co content (e.g., 2Co/SC or 7.3 wt. % Co).

Intrazeolite Co— Mo binary sulfides

The HDS activity of CoSx-MoSx/NaY (2.1 Mo/SC) in-
creased linearly as the Co content increased, and reached the
maximum at Co/Mo = ca. 1. The addition of Co into
MoSx/NaY transformed the HYD/HDS activity ratio and
HYD selectivity of MoSx/NaY into those of CoSx/NaY at
the composition of the maximum HDS activity. These results
can be understood neither in terms of a simple physical mix-
ture of Mo and Co sulfide clusters, nor by a simple site block-
ing of the preexisting Mo sulfide species by successively added
Co suifides. The former possibility can be negated by the fact
that Mo sulfide clusters show much higher HYD activity than
Co sulfide clusters (Figure 2); the HYD selectivity would be
Mo sulfidelike if the Mo and Co sulfide clusters independ-
ently catalyzed the HYD reaction. The latter mechanism is
obviously excluded by the findings that, as long as the compo-
sition is identical, the same HDS activity is attained by
MoSx -CoSx/NaY. Consequently, it is strongly suggested that
intrazeolite binary sulfide clusters be synthesized using the
metal carbonyl techniques.

The active sites of the Co—Mo binary sulfide clusters are
thought to reside in the Co atoms rather than in the Mo
atoms, since the catalytic properties of Co—Mo binary sulfide
catalysts are very close to those of CoSx/NaY, except for the
significantly enhanced activities, at the composition of the
maximum HDS activity. This is clearly corroborated by the
FTIR study of NO adsorption in Figure 6, which shows that
with CoSx~MoSx/NaY (Co/Mo = 1) NO adsorbs exclusively
on the Co sites. Equivalently, unsaturated sites are formed
only on Co sites in spite of the simultaneous presence of the
same amounts of Co and Mo sulfides. This is not explained
assuming a simple mixture of highly dispersed Co and Mo
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sulfide clusters in CoSx-MoSx/NaY. It is concluded that the
HDS and HYD activities of the Co sulfide species are re-
markably enhanced by combining with the Mo sulfide species.

The formation of Co~Mo binary composite sulfide clusters
was examined using EXAFS and XPS techniques. An analy-
sis of Mo K-edge EXAFS using the theoretical parameters
suggests that the Fourier transform peak at 0.24 nm is be-
cause of Mo~CO bondings (0.283 nm). At present a lack of
experimental parameters for the Mo~Co bondings restricts
further analysis of the EXAFS data. Nevertheless, the repro-
ducible EXAFS features in Figure 8 are thought to suggest
the formation of Mo-S—Co chemical bonds, and thus of
Co—Mo binary sulfide clusters. The Co K-edge EXAFS spec-
tra for the Co—Mo binary sulfide systems are currently under
study.

The XPS results provide direct and compelling evidence
for the formation of Co-Mo binary sulfide clusters in
CoSx-MoSx/NaY and MoSx-CoSx/NaY. It is evident from
the Co2p,, binding energies that specific Co sulfide species
are formed in the Co—Mo sulfide systems prepared using
Mo(CO), and Co(CO);NO. Alstrup et al. (1982) reported a
similar size of the Co2p chemical shift for the Co sulfide
species interacting with the edge sites of MoS,. It is there-
fore rational to assign the Co species to Co—Mo binary sul-
fide clusters. Taking into account the aforementioned cat-
alytic properties, FTIR of NO adsorption, EXAFS results,
and XPS binding energies, it is concluded that the Co~Mo
binary sulfide clusters are fabricated exclusively in
CoSx~MoSx/NaY and MoSx-CoSx/NaY at Co/Mo=1.
The binary sulfide clusters are thought to locate inside the
zeolite cavities, since Mo sulfide clusters in MoSx/NaY are
encaged in the pores, and the formation of Co-Mo binary
sulfide clusters are not modified by the order in which Co
and Mo are incorporating.

With CoSx/MoSx/NaY, the XPS results indicate a signifi-
cant Co sulfide segregation on the surface, along with a sepa-
rate sulfide formation. This is thought to result from a much
slower diffusion of Co,(CO)g into the zeolite pores because
it has a larger molecular size than its mononuclear Co pre-
cursor, Co(CO);NO. In the case of MoS,-derived catalysts, it
is concluded that the Co sulfide species are present, thus
forming a separate Co sulfide phase due to the incomplete
sulfidation of the Mo species and the poor dispersion of the
Mo sulfide species.

The composition of the Co—Mo binary sulfide clusters was
estimated using XPS and XRF. The XPS and XRF tech-
niques provided identical compositions, as shown in Table 2.
It should be noted that the former technique provides a sur-
face composition ( <5 nm) (Delgass et al., 1979), while the
latter yields a bulk composition. Accordingly, it is concluded
that the catalyst composition is homogeneous in depth.

As shown in Figure 5, the maximum HDS activity was at-
tained at Co/Mo =1 for CoSx-MoSx/NaY with 2 Mo/SC,
and thus at 2 Co+2 Mo/SC on average. Unfortunately, there
is no direct evidence that Mo and Co atoms are homoge-
neously distributed across the zeolite cavities, forming a uni-
form Co—Mo composite sulfide species. However, there are
some indications that a homogeneous Co—Mo binary sulfide
compound is fabricated in each pore of the host zeolite: (1)
the intrazeolite Mo sulfide species in MoSx/NaY (2 Mo/SC)
consist of possibly two Mo atoms according to the EXAFS
analysis in Table 1, which agrees with the average number of
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Mo atoms per SC; (2) the structure and dispersion of Mo
(Co) sulfide clusters in MoSx (CoSx)/NaY seem to be homo-
geneous up to 2 Mo (Co)/SC, since the HDS and HYD activ-
ities increase linearly with the metal content; (3) the HDS
activity of CoSx—MoSx/NaY increases in proportion to the
Co content up to Co/Mo =1; (4) the selectivity in the HYD
of butadiene and the FTIR of NO adsorption indicate that
there are no bare Mo sulfide sites exposed at Co/Mo =1,
and (5) the chemical composition of CoSx—MoSx/NaY is
homogeneous in depth, as indicated by the identical XPS and
XRF compositions. A clear Fourier transform peak due to
Mo-Co bondings may indicate a definite local structure of
Co-Mo composite sulfide clusters in CoSx-MoSx/NaY. It is
therefore suggested that thermally stable and catalytically ac-
tive Co,Mo,Sx clusters are formed in each supercage of the
NaY host zeolite by means of the metal carbonyl techniques
using Mo(CO), and Co(CO);NO. The composition of the
intrazeolite nanocomposite Co—Mo sulfides is shown to be
Co,Mo,S, by using XPS and XRF. According to Halbert et
al. (1985), a Mo sulfide dimer complex (Mo,S,[(C,Hs),
NCS,1;) reacts with Co,(CO)g in a homogeneous system,
forming a Co,Mo, thiocubane complex. It is conjectured that
analogous synthesis reactions take place in zeolite cavities
between highly dispersed Mo sulfide clusters (possibly pos-
sessing dimer units according to the EXAFS in Table 2) and
Co(CO);NO, or between highly dispersed Co sulfide clusters
and Mo(CO),. Unfortunately, the structure of the composite
clusters cannot be estimated at present because of a lack of
experimental EXAFS parameters for Mo—Co bondings. A di-

.rect explanation of the composition and structure of the

Co—Mo binary sulfide clusters must await further spectro-
scopic studies, including EXAFS, XRD, and UV-VIS and
laser Raman spectroscopies.

FeSx—MoSx/NaY showed no catalytic synergies, as shown
in Figure 5. The absence of Mo-Fe bondings in Figure 8
suggests that intrazeolite Fe-Mo binary sulfides are not
formed under the present preparation conditions. The low
thermal stability of the Fe~Mo binary sulfide phase (Karroua
et al,, 1992) may induce a separate phase formation, com-
pared to that of the Co-Mo sulfide phase (Topsge et al.,
1996). The reduced HDS activity of FeSx-MoSx/NaY when
Fe sulfides are added is thought to be caused, to a major
extent, by the physical blockage of the active Mo sulfide sites
by almost inactive Fe sulfide clusters.

In the case of intrazeolite nanostructure catalysts, some of
the zeolite cavities are occupied by catalytically active species.
The effects of reactant or product diffusions become more
important and could modify the catalytic properties. With
MoSx/NaY, about 25% of the pore volume was lost due to
the accommodation of 2Mo/SC (Okamoto et al., 1996¢). The
activity ratio of tetramethylthiophene HDS/thiophene HDS
over MoSx/NaY was found to be considerably smaller than
that over MoS, /Al, O3, in which diffusional effects are mini-
mal because of the significantly larger pore size (19-20 nm)
compared to that of NaY (0.74 nm) (Okamoto et al., 1996¢c).
In addition, the HDS activity of MoSx/NaY, CoSx/NaY, and
CoSx—Mo Sx/NaY increased in proportion to the number of
intrazeolite metal sulfide clusters. Therefore, it is concluded
that under the present reaction conditions intrazeolite metal
sulfide clusters are catalytically active species and that no ex-
clusive catalysis occurs at the pore openings because of the
small molecular size of thiophene or butadiene.
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Origin of catalytic synergies between Co and Mo sulfides

The results in Figure 11 show that catalytic synergy occurs
in CoSx-MoSx/NaY, whereas there is no synergy in
CoSx/MoSx/NaY. The difference is interpreted in terms of
the catalyst structure and sulfide species. Based on the XPS
results, it is suggested that with CoSx/MoSx/NaY, a consid-
erable part of the Co is segregated over the external surface
of MoSx/NaY, forming a separate Co sulfide phase. On the
other hand, the EXAFS and XPS results for CoSx-
MoSx/NaY clearly indicate the formation of the Co—Mo bi-
nary sulfide species encased in the zeolite. It is therefore most
likely that the catalytic synergy between the Co and Mo sul-
fides is caused by the chemical bondings between them. The
present results support the Co—Mo-S model proposed by
Topsee et al. (1984, 1986, 1996).

The XPS results of the increased Co2p binding energy on
the formation of the Co—Mo binary sulfides suggest that an
electron transfer from the Co to the Mo atoms activates the
Co atoms in the clusters. A similar election transfer mecha-
nism is proposed, based on the quantum chemical calcula-
tions by Harris and Chianelli (1986) for a Co-Mo binary sul-
fide cluster model. Riaz et al. (1994) recently showed that the
desulfurization reactions of sulfur compounds in a liquid
phase using a Co,Mo, binary sulfide cluster,
Cp,Co,M0,8,(CO), (Cp’: methylpentadiene), are initiated
by a nucleophilic attack of sulfur compounds on the Co sites.
The electron-deficient Co sulfide atoms in Co,Mo,S, are
thought to facilitate the nucleophilic attack of thiophene in
the initial stage of the HDS reaction, thereby increasing HDS
activity. The roles of Mo sulfide in the Co-Mo binary sulfide
catalysts are at least twofold; increase in the dispersion of Co
sulfide species, and formation of electron-deficient Co
species.

Conclusions

For the first time, it has been demonstrated by means of
FTIR, EXAFS, XPS, and XRF that zeolite cavities are very
suitable for the preparation and stabilization of highly dis-
persed and well-defined Mo, Co, and Co—Mo sulfide clus-
ters. Mo(CO), and Co(CO);NO were found to be very useful
as precursors for the preparation of the intrazeolite Co—Mo
composite sulfide clusters. It is suggested that thermally sta-
ble nanocomposite Co,Mo,S, is formed in each cavity of a
NaY zeolite. The Co—Mo binary sulfide clusters are catalyti-
cally active, showing synergies similar to those observed for
conventional Co—Mo HDS catalysts. It has been shown that
the Co sites of the clusters play a major role in the reactions.
The intrazeolite nanocomposite approach is promising for
precise investigations of catalysis on a molecular level, as well
as for developing highly active and selective catalyst systems.
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