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The metal-support interaction in oxidic and sulfided (Co)Mo/
Al>,O3 and (Co)Mo/TiO; catalysts has been studied with X-ray ab-
sorption spectroscopy. Analysis of the oxidic catalysts showed that
on both Mo/Al;,03 and Mo/TiO; the molybdenum oxide particles
possess a highly distorted octahedral structure with Mo—O distances
ranging from 1.71 A to 1.94 A. The second shell Mo—Mo coordina-
tion number of less than 1.0 indicated that the size of the molybde-
num oxide particles is very small. Upon addition of Co the parti-
cle size is increased to approximately four Mo atoms per particle.
EXAFS data analysis showed the presence of second shell Al and Ti
neighbours indicating a linkage of the molybdenum oxide particles
to the support via Mo—O-X (X = Al or Ti) bonds. Upon sulfidation
of the oxidic catalysts small MoS; particles are formed with sec-
ond shell Mo—Mo coordination numbers ranging from 0.8 to 3.9. A
Mo—O contribution at 2.0 A was found in the first coordination shell
of Mo in the sulfided catalysts. Since the coordination number of this
Mo—-O contribution correlated with the MoS; particle size, deduced
from the second shell Mo—Mo coordination number, this Mo—O con-
tribution was assigned as an interfacial Mo—Osypport linkage. This
Mo—Osupport linkage stabilises the small MoS; particles and prevents
them from sintering. Itis proposed that the activity of these catalysts
can be controlled by optimising the molybdenum sulfide-support in-
teraction, which consists of the observed Mo—Ogypport bonds. @ 1997
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INTRODUCTION

Hydrotreating catalysts based on supported Co-, Ni-, and
Mo-sulfides are among the most widely used catalysts. Al-
though transition metal sulfides are already used in re-
fineries since the late 1920s the interest in improving and
understanding these catalysts is still high. A wealth of stud-
ies has been published on the structure and functioning of
these kind of catalysts, as lately reviewed by several authors
(1-14).

The structure and especially location of the active site is
still a matter of debate. The generally accepted “CoMoS”
model of Topsge et al. (7) describes the active phase as
consisting of small MoS; particles with Co promoter atoms
decorating the edges of the MoS; slabs. Several EXAFS
studies of Bouwens et al. (15-17) and extensive Md&ssbauer
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experiments by Crajé et al. (18-19) support this model
and additionally indicate that the active sites are located
on the cobalt atoms. The role of the MoS; particles is to
act as a secondary support merely to stabilise the highly
dispersed Co-sulfide located on the edges. Stabilisation of
the MoS; slabs themselves is assumed to occur via Mo—O
linkages to the support as proposed by several authors
(17, 20-23).

The experimental evidence for the attachment of MoS,
slabs to the support via Mo—O linkages is still not very con-
vincing. Chiuetal. (24) attributed peaks in the Fourier trans-
form of EXAFS data of a used CoMo/Al,Oj3 catalyst to two
Mo-O contributionsat 1.6 and 1.9 A, respectively. Shimada
et al. (25) reported a similar Mo—O contribution around
2.0 A in the Fourier transform of a sulfided Mo/Al,O3 cata-
lyst. However, both authors ascribed these Mo—Q contribu-
tions to nonreducible oxygens and did not link them to the
proposed Mo—O linkages between support and MoS; parti-
cles. Derouane et al. (26) indicated with the help of EPR the
presence of similar oxo-molybdenum species resistant to-
wards sulfiding and stabilising the MoS; particles. The most
concrete evidence for the existence of Mo—O-All linkages
in MoS,/Al,O3 was obtained by Diemann et al. (27) with
the help of inelastic tunnelling spectroscopy.

A good understanding of the interaction between sup-
port and active phase and the effect on dispersion and ac-
tivity of these catalysts is crucial. Knowledge of the nature
of this interaction and the parameters that influence it will
help in a further understanding and optimisation of these
catalysts. The aim of this study, therefore, is to use EXAFS
spectroscopy to elucidate the interaction between the MoS,
particles and the surface of an oxidic support. In structural
studies of the metal-support interface in supported noble
metal catalysts EXAFS has proven to be a very suitable tool
(28). This study will demonstrate that also in the study of
structurally more complex systems like metal sulfides sup-
ported on oxidic supports EXAFS can be very helpful in
the study of the metal sulfide-support interface, provided
that catalysts with highly dispersed MoS; particles are used.
As the final dispersion of the MoS; phase and the interfa-
cial bonding with the support is likely to be influenced by
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the nature of the precursor catalyst, the structure of the
oxidic catalysts was also analysed. It will be shown that
the interaction between the Mo phase and the surface of
the support is already present and detectable in the oxidic
catalysts.

To study the effect of the support and to obtain variations
in the metal—-sulfide supportinteraction both Mo/Al,O3;and
Mo/TiO, catalysts have been investigated. Recent studies
indicate that Mo/TiO, catalysts have a higher intrinsic activ-
ity than Mo/Al,Oj catalysts, which is ascribed to a specific
effect of the support on the active phase (29-30). Addition-
ally, the pretreatment of the catalysts prior to sulfidation
was varied to create extra variations in the active phase-
support interaction. As most catalysts contain Co as pro-
moter, the influence of Co on the structure of MoS; and
its attachment to the support was studied too. Temperature
programmed sulfiding studies by Moulijn et al. (31) have
shown that Co eases the sulfiding of Mo, which may be as-
cribed to a diminished interaction between the MoS; slabs
and the support.

METHODS

Preparation of the Catalysts

A 15 wt% MoOQO3/y-Al,O3 and a 4.4 wt% MoO3/TiO;
catalyst were prepared by incipient wetness impregnation
of preshaped bodies of y-Al,O3 (Ketjen CK-300, surface
area 200 m?/g, pore volume 0.63 ml/g) and TiO, (Degussa
7702, surface area 44 m?/g, pore volume 0.14 ml/g, 80%
anatase), respectively, with a solution of (NH;)sM07024-
6H,0 (Merck, p.a.) containing 25% ammonia. The surface
loading in both catalysts was 0.70 mg Mo/m? (monolayer
coverage). The catalysts were subsequently dried in an air
flow during 4 h at 25°C and for 16 h in static air at 110°C. To
study the effect of calcination samples of each catalyst were
calcined in air at 450°C for 16 h. The noncalcined samples
are denoted by Mo/TiO,(nc) and Mo/Al,O3(nc), respec-
tively; the calcined samples are indicated by Mo/TiO,(cal)
and Mo/Al,O3(cal).

A CoMo/Al,O3 (3.8 wt% C0304, 14 wt% MoO3) and
CoMo/TiO; (1.1 wt% Co0304, 4.3 Wt% MoO3) were
prepared by impregnation of noncalcined Mo/Al,O3 and
Mo/TiO, with an aqueous solution of Co(NO3)3-6H,0
(Merck, p.a). These catalysts are indicated by
CoMo/Al,O3(seq) and CoMo/TiOz(seq). Co-impregnated
CoMo catalysts were prepared by impregnation of y-Al,O3
and TiO, with an aqueous solution containing the required
amounts of (NH4)sM07024-6H,O and Co(NO3)3-6H-0.
All catalysts were subsequently dried in an air flow for 4 h
at 25°C, dried in static air at 110°C for 16 h and calcined
in air at 450°C during 16 h. The co-impregnated catalysts
are denoted by CoMo/Al,O3(co) and CoMo/TiO,(co),
respectively.
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EXAFS Data Collection

The EXAFS measurements were performed at EXAFS
station 9.2 of the Wiggler beam line of the SRS in Daresbury
(UK). The Si[220] double crystal monochromator was de-
tuned to 50% intensity to minimise the presence of higher
harmonics. Due to a reconstruction of the station, the co-
promoted catalysts were measured with a spare channel
cut Si[220] monochromator which could not be detuned.
The decrease in photon flux at higher energies of the syn-
chrotron radiation makes the contribution of the higher
harmonics rather small, so itis not likely that the data are in-
fluenced by the use of the channel cut monochromator. The
measurementswere all carried out in transmission mode us-
ing optimised ion chambers as detectors. To minimise high-
and low-frequency noise the counting time per data point
was varied from 1satk=3 A~'to 3sat k=20 A'and at
least three scans were recorded and averaged. All spectra
were recorded with the sample at liquid nitrogen temper-
ature. The energy calibration was performed by means of
a Mo-foil placed in series with the sample using a third
ionisation chamber. The absolute value of the Mo-edge is
19,999 eV.

The catalyst samples were pressed into self-supporting
wafers and mounted in an in situ EXAFS cell (32). The
thickness of the wafer was chosen to give an absorbance
(ux) of 2.5 for optimal signal to noise ratio. To prevent
thickness effects for the high loaded Mo/Al,O3 samples ux
was set to yield a step of 1.0 in absorbance in the edge re-
gion. The wafers were dried in situ at 120°C for 1 hina He
flow (flow rate 50 ml/min~1) after which an EXAFS spec-
trum of the Mo—K edge was recorded. The sulfidation of the
catalysts was carried out in a 10% H,S/H; flow (flow rate
50 ml/min~t) while the temperature was linearly increased
from 25°C to 400°C (5°C/min). The samples were kept at
400°C for 30 min and cooled down to room temperature
(10°C/min). The cell was flushed for 15 min with He to re-
move H,S after which the EXAFS spectrum was recorded.
The Co-promoted catalysts were sulfided at 450°C as
also, for reason of comparison, a Mo/Al,O3; and Mo/TiO,
catalyst.

EXAFS Data Analysis

Standard procedures were used to extract the EXAFS
data from the measured absorption spectrum. Normalisa-
tion was done by dividing the data by the height of the
absorption edge and the background was subtracted using
cubic spline routines (33). Phase shifts and backscattering
amplitudes obtained from reference compounds were used
to calculate the EXAFS contributions: Na,Mo0O4-2H,0 for
the Mo—0O, and MoS; for the Mo-S and Mo—Mo contribu-
tion. Details of the references are described elsewhere (15).
Phase shifts and backscattering amplitudes for the Mo—-Al
and Mo—Ti contributions were theoretically calculated with
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the FEFF-3.1 program. Multiple shell fitting of the EXAFS
data was done in R-space. The difference file technique was
applied, together with phase-corrected Fourier transforms
to resolve the different contributions (34). Coordination
numbers were corrected for the difference in absorber-
backscatterer distance between the reference compound
and the unknown assuming an electron mean free path of
5 A (35).

The reliability of the calculated fit is usually expressed as
the goodness of fit £2 which includes the statistical noise on
the data (36). However, it proved that the random noise in
some spectra is that low that £2 > 1. In that case the noise
is dominated by systematic errors from the measurement
and data analysis. To correct the standard deviations of the
structural parameters for the systematic errors ¢ should be
corrected as described by Stern et al. (37). The analysis pro-
gram used, however, is not yet capable of performing this
kind of statistical analysis. Alternatively we have chosen
to express the quality of fit as the difference between the
absolute or imaginary part of the Fourier transform of the
experimental data with that of the model Fourier transform.
These differences are described by the FT" variance

J (FThoser(R) — FTg(R) P

FT" =100
f (FTgxpt(R))2

[1]

in which n represents the weight of the Fourier transform.
The errors in the resulting fit parameters are estimated to
be 20% in coordination number N, 1% in distance R, 10%
in Debye-Waller factor Ac?, and 10% in AE.

RESULTS

Data-Analysis of the Oxidic Catalysts

The near-edge spectra of the reference compound
Na;Mo0Oy4-2H,0O and of Mo/Al,Os(cal), Mo/Al,O3(nc),
Mo/TiO;(cal), and Mo/TiO,(nc) are shown in Fig. 1. The
preedge peak present in the spectrum of all samples can
be attributed to a 1s-4d bound state transition. The transi-
tion probability of this formally forbidden excitation is de-
pendent on the local symmetry of the molybdenum atom.
The effective mixing of metal d-states with ligand p-orbitals
in case of tetrahedral symmetry gives rise to the intense
preedge feature observed with Na;M0O4-2H,0O (38). In
case of a nonperfect octahedral surrounding of the cen-
tral atom the 1s-4d transition is only slightly allowed (39).
The lower intensity of the preedge peaks in the spectra
of the catalysts therefore points to a distorted octahe-
dral coordination around the molybdenum atom as ob-
served with, e.g., MoOs. As can be seen in Fig. 1 there
are only small differences between the intensities of the
preedge peaks of the various catalysts. A small decrease is
observed between Mo/Al,O3(nc) and Mo/Al,O3(cal) indi-
cating a more centro-symmetric surrounding around the
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FIG. 1. XANES spectraof Na;Mo0O4-2H,0 ( ), Mo/Al,O3(cal)
(-+-+-), Mo/Al,O3(nc) (---), Mo/TiO,(cal) (--:-), and Mo/TiO,(nc) (- -).

molydenum atom upon calcination (40). Comparison of
Mo/TiO,(nc) and Mo/TiO(cal) shows the opposite trend,;
i.e., the centro-symmetry around the molydenum atom de-
creases upon calcination. The Mo/TiO, samples have a
slightly lower preedge feature than Mo/Al,O3 samples. This
can be ascribed to a higher percentage of tetrahedral coor-
dinated molybdenum oxide species on the alumina support
as compared to the titania supported catalyst or alterna-
tively to a less distorted octahedral structure on titania. The
Mo/Al,O3(cal) and Mo/TiOz(cal) catalysts promoted with
Co show the same near-edge spectra as the unpromoted
catalysts.

Tables 1-3 contain the Fourier transform and analysis
ranges of the EXAFS data of the catalysts and crystalline
MoOj3, along with the fit parameters of the (Co) Mo cata-
lysts. In Fig. 2a the absolute part of the Fourier trans-
forms of the reference compound Na;MoQ,4-2H,0O and
crystalline MoQg; are displayed. The Fourier transform of
Na;Mo0O4-2H,0 contains one large peak corresponding to
four oxygen neighbours at 1.77 A (41). The amplitude of
the Mo—O contributions in MoQOg is strongly reduced, com-
pared to that of Na;MoO4-2H,0. This is the result of strong
interference between the different Mo—O shells present in
MoOQOj3. According to XRD analysis the molybdenum atom
in MoOs; is octahedrally surrounded by six oxygen atoms
at 1.67, 1.73, 1.95 (2x), 2.25, and 2.33 A (42). The EXAFS
spectrum of MoOg can be fitted with three Mo—O shells at
1.70 (2x), 1.95 (2x), and 2.25 A (2x) as displayed in Fig. 2b.
Representing these contributions in k-space (Fig. 2c) it can
be seen that the Mo—O shellsat 1.70 and 1.95 A differ almost
/2 in phase, leading to the observed lower amplitude of the
Mo-O contributions in the Fourier transform. The EXAFS
analysis of crystalline MoOj clearly illustrates the destruc-
tive interference between different Mo—O shells which
can occur in complex molybdenum oxide structures. Fit-
ting of both magnitude and imaginary parts of the Fourier
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TABLE 1

Fourier Transform and Analysis Ranges Oxidic Catalysts

FT range Anal. range Fit weight Var. abs. Var. im.
Sample Ak (A™h AR (A) K" Ningp? s part FT® part FT®
Mo/Al,O3(nc) 4.0-13.7 0.5-5.0 2 214 14 0.56 2.55
Mo/Al,Oz(cal) 4.0-12.0 0.5-4.0 2 18.8 2.8 1.04 2.34
CoMo/Al,O3(seq) 3.7-125 0.5-4.0 2 20.6 0.6 0.25 0.59
CoMo/Al,O3(co) 3.7-125 0.5-4.0 2 20.6 0.6 0.19 0.39
Mo/TiO(nc) 45-13.7 0.5-5.0 2 22.1 6.1 1.78 3.74
Mo/TiO,(cal) 4.2-14.0 0.5-5.0 2 29.1 9.1 4.10 8.12
CoMo/TiO,(seq) 3.7-125 0.5-4.0 2 20.6 0.6 0.49 0.95
CoMo/TiO(co) 3.7-125 0.5-4.0 2 20.6 0.6 1.66 2.28
MoO3; 3.9-13.7 0-2.2 2 15.0 3.0 2.04 10.0

2 Ningp is number of independent parameters: Ningp = 2AKAr/7 + 1.

® v is degrees of freedom: v = Nindp—Nfit.

¢ See Eq. (1).

transform in R-space facilitates determination of the dif-
ferent Mo—O contributions compared to a fit in k-space.
In general, fitting in R-space avoids truncation errors that
are made when Fourier filtering is used (43). Moreover, an
advantage of R-space fitting is the separate optimization of
the magnitude and imaginary part of the Fourier transform.

TABLE 2
Fit Parameters Oxidic Alumina Supported Catalysts and MoO3

Scatterer N Ac? (107A?) R (A) AEq (eV)
MoO3
(@] 1.9 16.1 1.70 16
(e} 2.2 11.3 1.95 4.3
(@] 2.4 41.9 2.25 8.1
Mo/Al,O3(cal)
(e} 34 34.1 1.76 —-79
(@] 2.6 43.2 1.92 9.0
Al 0.4 52.9 2.76 —15.0
Mo 0.4 59.8 3.28 8.7
CoMo/Al,O5(seq)
(e} 1.8 24.9 171 -19
O 1.7 38.0 1.77 -0.9
(e} 1.6 29.2 1.94 55
Al 1.0 68.2 2.74 -9.1
Mo 14 58.0 3.31 9.8
CoMo/Al,O3(co)
(e} 1.2 9.6 171 -34
(@] 2.4 49.5 1.77 —2.6
(e} 1.8 39.2 194 6.6
Al 11 91.4 2.74 -9.0
Mo 15 59.8 331 9.9
Mo/Al,O3(nc)
(@] 2.2 40.4 171 —8.6
O 2.0 25.6 1.77 —0.6
(@] 1.6 34.7 1.94 0.8
Al 0.5 58.6 2.72 —10.2
Mo 0.7 67.6 3.29 35

Modelling of the imaginary part improves the sensitivity for
the distance R, which makes the optimization more sensi-
tive for deconvolution of contributions that are not well
separated (44).

In Fig. 3 the raw EXAFS data and k! Fourier transform
of bulk MoO3; and the Mo/Al,Os(cal) and Mo/TiOy(cal)
catalysts are shown. The amplitudes of the Mo—O contri-
butions present at low values of R (0 <R <2.2 A) in the
Fourier transform of the catalysts are comparable to those
of MoO3 and much lower than for Na,Mo0Q4-2H,0. This

TABLE 3
Fit Parameters Oxidic Titania Supported Catalysts

Scatterer N Ac?(107°A?)  R(A) AE(eV)
MO/TiOz(nc)
(@] 3.0 16.7 1.74 —-10.4
(@) 2.7 20.9 1.88 9.3
Mo 0.9 53.7 3.00 —6.8
Mo/TiOy(cal)
(@) 24 4.9 1.73 —10.0
(o] 24 18.1 1.89 5.2
Ti 0.3 104 2.83 —4.7
Mo 0.7 453 3.37 34
Mo 0.60 —-21.2 3.72 10.0
CoMo/TiO,(seq)
(6] 0.7 10.3 171 1.7
(o] 2.2 47.9 1.74 2.6
(6] 0.9 29.0 194 6.2
Ti 0.2 —59.6 2.88 —7.6
Mo 1.8 82.3 3.40 -17
CoMo/TiO,(co)
(@] 2.3 27.3 1.72 2.6
(6] 0.7 71.2 1.78 1.6
(@] 14 97.3 1.92 7.1
Ti 0.1 —110.1 2.88 —-8.0
Mo 25 76.7 341 —-4.1
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FIG.2. (a) Fourier transform of Na;Mo0O,4-2H,0 (---) and MoO3;
( ) [K!, Ak =4.0—14.0]. (b) Fourier transform of MoOs (- ) and
fit (---) [k!, Ak=3.9—13.7]. (cal) EXAFS spectrum of calculated Mo—O
contributions at 1.70 A (---), 1.95 A (----), and 2.25 A ( ).

indicates a complex octahedral structure of the molyb-
denum oxide particles with interfering Mo—O distances
around 1.7 and 1.9 A. Tables 2 and 3 present the coordina-
tion parameters used to obtain the best fit in R-space. The
spectra can be fitted with Mo—O shells ranging from 1.69 to
1.95 A. Thefitsare not perfect, due to the described interfer-
ence between the different Mo—O shells and the variety in
Mo-O bond lengths of the distorted octahedral molydenu-
moxide species. Moreover, it is quite possible as indicated
by the near-edge spectra, that part of the Mo atoms are
located in an tetrahedral structure. Nevertheless it is very
clear that none of the catalysts can be fitted with a same set
of parameters, illustrating that the structure of the molyb-
denum oxide particles is different on all catalysts. These
differences are thus influenced by pretreatment, nature of
support, and presence of a promoter.

Compared to MoOs; the second shell in the Fourier trans-
form (2.7-3.6 A) of the catalyst samples is much lower in
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amplitude. The amplitude of this shell, which mainly con-
sists of Mo—Mo contributions, is a measure for the size of
the molybdenum oxide particles. The observed low ampli-
tude indicates that in all catalysts the molybdenum oxide
is very well dispersed on the support. Besides the Mo—Mo
contributionasecond contributionis observed in most spec-
tra between 2.3 and 2.9 A. This contribution could not
be fit with a Mo—Mo shell, but incorporation of a Mo—-Al
or Mo—Ti shell led to satisfying results. Figures 4 and 5
presents the Fourier transforms for Mo/Al,O3(cal) and
Mo/TiO»(cal) and the best fits, together with the Fourier
transforms of the difference files (raw data minus Mo—-O
and Mo—Mo contributions) and the calculated Mo—Al or
Mo—Ti contribution, respectively. The distance between Mo
and the Al atom of the support ranges from 2.72 to 2.76 A.
In Mo/TiO,(cal) the Mo-Ti distance ranges between 2.83
and 2.88 A.

Data-Analysis of the Sulfided Catalysts

In Table 4 the Fourier transform and analysis ranges
of the EXAFS data are presented for the sulfided
(Co)Mo catalysts. Figure 6a represents the raw data of
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FIG.3. EXAFS spectrum and Fourier transform of Mo/Al,O3(cal)

(------ ), Mo/TiOy(cal) (------), and MoOs (thick solid line): (a) EXAFS
spectrum; (b) Fourier transform [k?, Ak =4.0—12.5].
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FIG. 4. (a) Fourier transform of Mo/Al,O3(cal) (: ) and fit (---)
[k?, Ak =4.0—12.0]; (b) Mo—Al contribution in Mo/Al,O3(cal), Fourier
transform [k?, Ak=4.0—12.0]. EXAFS minus calculated Mo-O and
Mo—Mo contributions ( ) and fit with calculated Mo—Al contribu-
tion (---).

Mo/Al,O3(cal) and Mo/TiO,(cal), sulfided at 400°C. The
low noise level at high k-values illustrates the high data
quality. In the Fourier transforms of these samples (Fig. 6b),
displayed together with crystalline MoS,, mainly two shells
are present due to Mo—S and Mo—Mo contributions. In crys-
tallinic MoS; with a hexagonal structure each Mo atom is
surrounded by six sulfur atoms at 2.41 A and by six molyb-
denum neighbours at a distance of 3.16 A (45). The low
amplitude of the Mo—Mo shell in the Fourier transform of
both catalysts compared to that of crystalline MoS;, shows
that the supported MoS; particles are very small. The ampli-
tude of the Mo-S shell is also strongly reduced with respect
to that of MoS,.

The coordination parameters obtained from the fitting
procedure of the sulfided alumina and titania samples are
given in Tables 5 and 6. To obtain a good fit of the sec-
ond shell in Mo/TiO,(cal) a Mo—Ti contribution had to be
included. In Mo/Al,O3(cal) the incorporation of a Mo—Al
contribution gave no improvement of the fit compared to
the fit with only a Mo—Mo contribution. Figure 7a shows
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the Fourier transform of Mo/TiO(cal) and the best fit
with three shells. It is a clear that this fit, including Mo-S,
Mo—-Mo, and Mo-Ti contributions strongly deviates from
the experimental data at low r-values. When the Mo-S,
Mo—Mo, and Mo—Ti contributions are subtracted from the
raw experimental data the remaining contribution, or the
so-called difference file, is obtained. As displayed in Fig. 8a
the difference file could be perfectly fitted with a Mo—O
contribution at 2.00 A. Only between 0.7 and 1.5 A and ex-
tra contribution remains, which is due to the atomic back-
ground. The positive maximum of the imaginary part of
the Mo—O phase corrected Fourier transform justifies the
fit with a Mo—O contribution. Alternatively this contribu-
tion could be fitted with a Mo—S contribution, but as Mo—S
and Mo-0O differ 7/2 in phase the maximum of the imagi-
nary part of the Fourier transform would then be negative
in a Mo—O phase corrected Fourier transform. Also the
distance of this contribution is unusually low for a Mo—-S
contribution. The statistical significance of the extra Mo—O
shell should normally be determined by applying a F-test
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FIG.5. (a) Fourier transform of Mo/TiOy(cal) ( ) and fit

(---) [K?, Ak =4.0—14.0]; (b) Mo~-Ti contribution in Mo/TiO,(cal), Fourier
transform [k?, Ak=4.0—14.0]. EXAFS minus calculated Mo-O and
Mo—Mo contributions ( ) and fit with calculated Mo—Ti contribu-
tion (---).
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TABLE 4

Fourier Transform and Analysis Ranges Sulfided Catalysts

FT-range  Anal.range  Fit weight Var. abs. Var. im.

Sample Ak (A™Y AR (A) K" Ning® v®  partFT®  part FT®
Mo/Al,O3(nc) 3.9-135 1.0-35 2 17.3 5.3 0.19 0.36
Mo/Al,O3(cal) 3.9-135 1.0-3.8 2 19.1 7.1 0.22 0.45
Mo/Al,O3(cal) 450°C 3.9-11.0 1.0-35 2 133 13 0.08 0.26
CoMo/Al,O3(seq) 3.9-11.0 1.0-35 2 133 1.3 0.06 0.19
CoMo/Al;O3(co) 3.9-11.0 1.0-35 2 133 1.3 0.09 0.25
Mo/TiOz(nc) 3.9-135 1.0-3.8 2 19.1 7.1 0.34 0.63
Mo/TiO,(cal) 3.9-13.0 1.0-3.8 2 18.2 2.2 0.31 0.48
Mo/TiO,(cal) 450°C 3.9-11.0 1.0-35 2 19.0 3.0 0.08 0.16
CoMo/TiOx(seq) 3.9-11.0 1.0-35 2 133 1.3 0.06 0.19
CoMo/TiO,(co) 3.9-11.0 1.0-35 2 133 1.3 0.13 0.26

2 Nindp is number of independent parameters: Ningp = 2AKAT/7 + 1.

byis degrees of freedom: v = Ningp—Nit.

¢ See Eq. (1).

on the £2 values (36). However, the large ¢2 values obtained
for these data as explained above prohibit this approach. In
Fig. 8b both the raw EXAFS data minus the Mo—-S, Mo—Mo,
and Mo-Ti contributions and the calculated Mo—O contri-
bution are presented in k-space. The peak to peak noise of
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FIG.6. (a) EXAFS spectrum of sulfided Mo/Al,O3(cal) (---) and

Mo/TiOy(cal) ( ); (b) Fourier transform of sulfided Mo/Al,O3(cal)
(---) and Mo/TiOy(cal) ( ) and MoS; (- -----) [k?, Ak=3.2—13.5].

these data is lower than 0.001. As can be seen the Mo—O
contribution is well above this noise level which signifies
the reliability of this extra shell. The remaining deviation
in k-space between the difference file and the calculated
Mo—O contribution can be attributed to the earlier men-
tioned atomic background. In the data of all other catalysts
a similar Mo-0O contribution was found between 1.95 and
20A.

The best fit of the data of Mo/TiOy(cal) with four shells
including the Mo—O shell is presented in Fig. 7b. Compared
to the fit with only three shells (Fig. 7a) the quality of the fit

TABLE 5
Fit Parameters Sulfided Alumina Supported Catalysts

Scatterer N Ac?2(107%A?) R(A) AEy(eV)
Mo/Al,O3(nc)
(0] 0.6 274 2.00 0.0
S 4.7 221 2.40 4.7
Mo 29 36.4 3.15 3.6
Mo/Al,O3(cal)
o 0.8 41.7 1.98 6.6
S 4.0 211 2.40 37
Mo 24 36.9 3.15 3.0
Mo/Al,O3(cal) 450°C
o 0.6 28.7 1.99 —-0.4
S 5.0 135 2.40 39
Mo 3.7 29.3 3.15 3.2
CoMo/Al,O4(seq)
(0] 0.5 34.0 1.95 2.0
S 5.6 22.3 2.40 3.3
Mo 3.8 38.2 3.15 2.7
CoMo/Al,O3(co)
o 0.5 42.8 1.95 7.4
S 5.5 20.8 241 2.3
Mo 3.9 40.9 3.15 3.3
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TABLE 6
Fit Parameters Sulfided Titania Supported Catalysts

Scatterer N  Ac2(107%A?) R(A) AE(eV)
Mo/TiOy(nc)
(@) 1.2 66.3 2.00 1.6
S 3.9 20.5 2.40 24
Mo 2.2 32.8 3.15 11
Mo/TiOy(cal)
(@) 1.2 36.7 1.97 6.3
S 4.2 60.4 2.39 45
Ti 0.3 —45 2.97 -11
Mo 0.8 16.1 3.16 35
Mo/TiOy(cal) 450°C
(@) 1.2 51.1 1.96 -2.6
S 4.6 345 2.38 9.1
Ti 0.3 13.8 2.97 8.6
Mo 11 1.0 3.15 47
CoMo/TiO,(seq)
(@) 11 73.9 1.96 5.4
S 48 16.9 2.40 3.6
Mo 34 48.3 3.17 0.6
CoMo/TiOy(co)
(@) 0.8 88.4 1.98 0.0
S 5.2 211 241 2.6
Mo 3.6 40.1 3.15 2.7

has significantly improved at low values of R (1.0 A <R <
2.0 A). Both in r- and k-space data and fit agree very well
(Fig. 7¢), indicating that contributions of higher shells are
almost absent as expected in case of small particles.

DISCUSSION

Structure of the Molybdenum Oxide Phase

The analysis results of the EXAFS data of the oxidic
catalysts indicate that both on Al,O3 and TiO; a highly dis-
torted octahedrally coordinated molybdenum oxide species
is formed. The height of the preedge peak might addition-
ally point to partial incorporation of Mo in tetrahedral
molybdenum oxide species, especially for the Al,O3 sam-
ples, although this amount will be very small. The structure
of molybdenum oxide on several oxidic supports has been
extensively described by several authors; see, for example,
Wachs et al. (46-47) and references therein. It was found
that at high surface coverages of MoO3; on Al,O3 a mixture
of tetrahedrally and octahedrally coordinated Mo species
are present. On TiO, only a distorted octahedrally coordi-
nated surface species was found. These findings are consis-
tent with our XAFS results. Raman spectroscopy indicates
the presence of the short Mo=0 bond, independent of the
nature of the support. The EXAFS analyses indicate for
most samples the presence of ashort Mo—O distance around
1.71 A. This Mo-O bond might well correspond to a double
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bonded Mo=0 as a similar distance was found for Mo=0O
bonds in Mo dimers attached to a SiO; surface (48). The
coordination numbers for this contribution vary between
0.7 (CoMo/TiO(seq)) and 2.3 (CoMo/TiOz(co)) which is
reasonable, compared to the coordination number of 1.9
in MoO3. Remarkably, Mo/Al,O3(cal), Mo/TiO,(nc), and
Mo/TiO,(cal) have only two Mo—O contributions, instead
of three, as found in the other samples. In these catalysts
the Mo—O contributions at 1.77 A and 1.71 A cannot be
separated resulting in one contribution at an intermediate
distance between 1.73-1.76 A.

The dispersion of the molybdenum oxide species on
the support is represented by the coordination num-
ber of the second shell Npyo-mo. Comparison of Npo-mo
for Mo/Al;O3(nc) and Mo/Al,Os(cal) shows that the
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dispersion slightly increases upon calcining. In case of TiO,
the opposite happens and the molybdenum oxide particles
sinter when calcined at 450°C. It seems that the molybde-
num oxide particles have a greater affinity for an Al,O3
than for TiO; surface, probably due to a better “match” of
the molybdenum oxide structure on the surface structure of
Al,O3. The increase in Nmo-mo for both Mo/Al,O3(cal) and
Mo/TiO, when Co is present indicates that Co promotes
sintering of the molybdenum oxide species. No difference
is observed whether Co isimpregnated sequentially after or
together with the Mo precursor. However, the molybdenum
oxide particles formed are still very small. For the largest
value of Nyo-mo 0f 2.54 for CoMo/TiO,(co) it can be calcu-
lated that less than four Mo atoms are present per particle
(49). The extremely low value of 0.35 for Mo/Al,Os(cal)
suggests that in this sample almost isolated molybdenum-
oxygen clusters are present on the surface of the support.
The interaction between the surface of the support and
the molybdenum oxide species can be described to consist
of Mo—O-X bonds in which X represents the metal atom of
the support (48-50). From the analysis results of the Mo—O
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contributions it is not directly possible to assign a distinct
Mo-O distance to a Mo—O-X bond. Yet, the interaction
between the molybdenum oxide particles and the support
clearly manifests itself in the presence of a Mo-X contri-
bution in both Mo/Al,O3 as Mo/TiO, catalysts. The aver-
age Mo—O-A\l distance of 2.74 +0.02 A found in the alu-
mina catalysts is in agreement with the distance of 2.785 A
for Mo-X found by Kisfaludi et al. (51) in the EXAFS
analysis of calcined MoOs3/Al,Os. The authors proposed
this Mo-X distance to correspond with a Mo—Al contri-
bution in a Mo—O-Al configuration. The average distance
of 2.87+0.035 A found in the titania catalysts for Mo—Ti
agrees with proposed Mo-Ti contributions in the spectra
of MoO3/TiO; by Fay et al. (52) and Shimada et al. (53).
The absence of a Mo—Ti contribution in Mo/TiOz(nc) can
be explained by the poor interaction between the surface
of the TiO,-support and the molybdenum precursor. Al-
though calcining induces sintering of the oxide particles
the “intimacy” between support and oxide in enhanced,
which leads to the observation of a Mo—Ti contribution in
Mo/TiOy(cal).

One could expect that the dispersion of the molybdenum
oxide particles (Nmo-mo) and the Mo-X contribution are
correlated. Close inspection of the coordination numbers
for Mo—Mo and Mo-X (X =Ti or Al), however, shows no
such relation. As can be seen from Figs. 6 and 7 the fits of the
difference files are not optimal due to the structural com-
plexity and variety of the molybdenum oxide species and
the interaction with the support. The uncertainty of 20%
in the absolute values of coordination number and Debije-
Waller factor of Mo-X might well explain the absence of
the expected correlation.

Structure of the Molybdenum Sulfide Phase
and Sulfide-Support Interaction

The distances found for the Mo—S and Mo—Mo shells are
(within limits of accuracy) equal to the distances found for
MoS; (42). The values for Ny,-s vary between 4 and 5.5
which is substantially lower than the coordination by six
sulfur neighbours as in bulk MoS;. Assuming a S/Mo stoi-
chiometry of 2 and a stacked configuration of the sulfur
atoms Bouwens et al. (15) calculated the Mo-S coordina-
tion to be between 4 and 5 for particle sizes with Nmo-mo
varying between 2 and 4, which is in agreement with our
results. Additionally Startsev (14) argued on the basis of
the electro-neutrality principle that molybdenum atoms in
small MoS; particles cannot fully be coordinated by sul-
fur atoms because of excess negative charge that otherwise
would accumulate on the slabs.

Analysis of the second shell of Mo/Al,O3(cal) results ina
Nmo-mo Of 2.4. The coordination number of the second shell
can be used as a direct measure of the two-dimensional size
of the particle. With the use of a simple hexagon model
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to represent a MoS;-slab a Npo-mo Of 2.4 is calculated to
correspond with approximately four Mo atoms per slab,
which is indeed very small (54). Some authors have ques-
tioned the use of Nmo-mo tO estimate the slab size due to the
correlation between coordination number and the Debije-
Waller factor (13). However, by simultaneous optimization
of the fit parameters for both the k' and k® weighted EXAFS
spectra unique values can be found for coordination num-
ber N and Debije-Waller factor o (55). The Debije-Waller
factor then expresses the structural disorder of the particles
including both thermal disorder and static disorder.

Yet, what can stabilise MoS; particles containing only
4-15 Mo atoms per slab as present in our catalysts? The
most obvious explanation for stabilisation of these small
particles is the linkage of the MoS; particles to the support
via Mo—O-X bonds. Both for the calcined TiO, and Al,O3
catalysts a Mo—O contribution at 2.0 A is observed in the
Fourier transform of the sulfided catalysts, which could well
be ascribed to such a Mo—O-X linkage. As can be seen in
Fig. 9 both for Mo/Al;O3; and Mo/TiO; the Mo—O contribu-
tion increases with increasing MoS; dispersion (decreasing
Mo—Mo coordination). In our opinion this directly indicates
that the observed Mo—Q contribution can be assigned to the
proposed interfacial MoS,-support bonds. The distance of
2.0 A is also in good agreement with the predicted value
of 1.85 A for the Mo—O-Al bond in MoS,/Al,O; obtained
with molecular modelling by Diemann et al. (27), taken
into account the inhomogenity of the y-Al,O3; and TiO,
surfaces. Figure 9 shows that in case of the Mo/TiO; cata-
lysts a maximum Mo—-O contribution of 1 is reached at very
small particle sizes. It is very likely that this maximum is
related to the geometrical structure of the MoS, particles
on the support. The orientation of the MoS; slabs on the
surface of the support then plays an important role. Hayden
etal. (23) concluded on basis of electron microscopy results
that MoS; slabs are bonded to the alumina support via their
(2110) edge plane. On basis of molecular modelling exper-
iments Diemann et al. (27) pictured the MoS; slabs bonded

1.4
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Mo-O Coordination
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FIG.9. Nmoo Vversus Nyo-mo for the sulfided Mo/TiO, (¢) and
Mo/Al,O3 (O) catalysts.
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on the 110 surface of y-Al,O3 through their (1100) edges
with the Mo-O distance of 1.85 A. Our results indicate a
similar result as it is observed that Nyo-s increases with in-
creasing particle size (Nmo-mo)- If the slabs were bonded
to the support through their basal plane the average sul-
fur coordination of the Mo-atoms would not change with
increasing slab size. In edge-bonded slabs, however, where
only the Mo atoms near the edge are in contact with the
support the average sulfur coordination rises with increas-
ing Nmo-Mmo- Picturing very small particles of two or three
Mo-atoms it is reasonable to assume that at first grow will
take place along the surface of the support or “the edge
site,” which leaves the Npo-0 at a constant value as ob-
served. Only if growth takes place “away” from the surface
of the support the Nmo-o will start to decrease as observed
for higher coordination numbers Nyo-mo (€€ Fig. 9).

Comparison of Mo/Al,Oz(cal) and Mo/TiOy(cal) shows
that although the molybdenum oxide species are more dis-
persed on Al,O3 the MoS; particles formed are smaller on
TiO,. The correlation between No-mo and Nmo-o is also dif-
ferent for both supports as displayed by Fig. 9. This points
to a different geometrical structure of the MoS; particles
on TiO; than on Al,Os3. Probably the “match” of the MoS;
edge plane onto the surface of the support is better for ti-
tania than alumina. This might result in the growth of the
MoS; particles on TiO; in the direction along the surface
while on Al,O3 particle growth takes place in all directions.
This can explain the observed lower values of Nyo-o On
the Al,O3 support. A possible structure of a MoS; cluster
containing seven Mo atoms supported on the [110] plane
of y-alumina (spinel structure, ag =820 pm) is visualized in
Fig. 10. The MoS; cluster is an outtake of the MoS; crystal
lattice and is positioned in such a way that the Mo atoms
are in close contact with the upstanding oxygen row of the
alumina plane. Figure 11 presents a similar representation
of the same MoS; cluster supported on a rutile [110] plane,
this plane is a reasonable representation of the titania sur-
face (56). For the Mo atoms able to see the Ti atoms of the
support, as indicated by the EXAFS data, it is necessary to
locate the MoS; cluster on the so called oxygen B-row of
the support. The Ti atom is located just beneath the oxy-
gen atoms as depicted in Fig. 11. Remarkably the distance
of 2.96 A between the oxygen atoms in the B-row is close
to the 3.16 A Mo—-Mo distance in MoS,, whereas the oxy-
gen atoms in alumina are separated by 2.60 A. This might
support the proposed better “match” of MoS; on titania
over alumina, for reasons of lesser strain between the MoS;
structure and the support in case of titania. However, these
visualisations are very qualitative and additional molecu-
lar modelling should be done to shed some more light on
the exact structure of small MoS; particles on both support
materials.

As to the origin of the Mo—Ogypport bond it is quite
likely that the Mo—-O contribution between 1.88 and
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FIG.10. Representation of a MoS; cluster supported on a y-alumina
[110] plane: (a) top view; (b) side view.

1.94 A as found in the oxidic catalysts represents the same
Mo—Osypport cONtribution. Upon sulfidation the structure
of the molybdenum oxide is changed into the sulfide which
causes a lengthening of this Mo—Ogypport distance. This as-
sumption can only be validated by means of analysis of all
subsequent stages in the sulfidation process, which will be
described in a following paper.

However, it is very clear that the observed Mo—O contri-
bution at 2.0 A can be ascribed to an interfacial Mo—Osypport
linkage. Moreover, the Fourier transform of the most dis-
perse Mo/TiO(cal) catalyst contains an Mo—Ti contribu-
tion, which shows the closeness of the Mo atoms in MoS;
and the Ti atoms of the support. The importance of the
Mo—O bonds in stabilising the small MoS; particles is shown
by comparison of both Mo/Al,O3(cal) and Mo/TiO,(cal)
sulfided at 400 and 450°C, respectively. When the Mo—-O
linkages are sulfided (decreasing Nmo-o0) the size of the
MoS; slabs significantly increases. This means that the dis-
persion and thereby the activity of these catalysts can be
tuned by a controlled sulfidation of the oxidic precursors.
EXAFS can be used to monitor the amount of Mo—O sup-
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port linkages that are left, which maintain the dispersion of
the metal sulfide phase.

Effect of Calcining and Presence of Cobalt

Comparison of the sulfided samples of the calcined and
noncalcined Mo/Al,O3 shows that the MoS; dispersion in
the calcined sample is slightly better. As the analysis results
of the oxidic catalysts indicated that smaller molybdenum
oxide particles are formed upon calcining, this can be as-
cribed to an enhanced Mo-support interaction. Calcination
promotes the formation of more Mo—O-Al bonds resulting
in smaller oxide particles after calcination, which sulfidic
counterparts are more resistant towards sintering because
of their stronger linkage to the support. Looking at the sul-
fided TiO, catalysts a similar effect is observed. However,
calcination leads to larger molybdenum oxide particles on
the calcined sample compared to the Mo/TiO,(nc) sample.
Therefore, the final formation of smaller MoS; particles on
the sulfided Mo/TiO(cal) catalyst must be due to a redis-
persion of the Mo phase during sulfidation.

The addition of Co to the Mo/Al,Oj3 catalysts does not
cause a significant increase in Nyo-mo. There is no forma-
tion of larger sulfide particles as might be expected from the
larger molybdenum oxide particles present in the Co pro-
moted catalysts relative to the unpromoted catalyst. With
the titania supported Mo catalysts the addition of Co leads
to much more pronounced results: the Nmo-mo iNcreases
from 1.1 to an average value of 3.5 for the promoted cata-
lysts. Evidently Co disturbs the interaction between the
MoS; particles and the support which causes the particles
to grow.

As shown in Tables 5 and 6 no Co backscatterer con-
tribution could be found for both the alumina and tita-
nia catalysts as found in catalysts containing the so-called
“CoMoS” phase (15). Incorporation of a Mo—Co contribu-
tion at 2.80 A did not lead to significant improvement of

FIG. 11.

Representation of a MoS; cluster supported on a titania
rutile [110] plane.
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the fits. As only the Mo atoms at the MoS; edges are in con-
tact with Co the Mo—Co contribution is by itself not very
pronounced. Moreover, in these samples the interaction be-
tween Co and Mo was not optimised to obtain a maximum
amount of “CoMoS” phase. For these reasons the absence
of a Mo—Co contribution does not contradict the proposed
model of Co supported on the MoS; edges.

CONCLUSIONS

The main finding of our study is that XAFS enabled us
to describe the interface between the active phase and the
support in sulfided Mo on alumina and titania catalysts. The
interaction between the MoS; particles and the surface of
the support consists of Mo—O-X (X = Al or Ti) bonds with
a Mo—O bond length of 2.0 A. These Mo—O-X bonds are
already present in the fresh oxidic catalysts, as indicated
by the presence of second shell Al and Ti neighbours in
the Fourier transform. The Mo—O-X bonds are crucial in
stabilizing the small MoS; particles and prevent them from
sintering. The amount of these interfacial Mo—O bonds is
higher on titania than on an alumina support. Addition
of Co leads to a strong disturbance of the metal-sulfide
support interaction on titania and due to this growth of
the MoS; particles, while on alumina hardly any effect is
observed. The dispersion and activity of these catalysts
can be controlled by a careful sulfidation procedure, as
to maintain the Mo—O bonds between MoS; particles and
support.
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