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Abstract

By analysing the extended X-ray absorption fine strucure (EXAFS) of the
Mo absorption edge, structural information about both calcined and sul-
fided Mo/A1203 and CO-Mo/A1203 catalysts has been obtained. The calcined
catalysts show only one strong backscatterer peak in the radial distribu-
tion function, which indicates that molybdenum is present in a highly dis-
ordered structure. For the Co~Mo/A1203 catalyst the presence of cobalt
seems to have some effect on the {mmediate surroundings of molybdenum.
Upon sulfiding the catalysts. an ordering of the molybdenum-containing
phase takes place as evidenced by the observation of a contribution from
the second coordination shell. From a comparison with EXAFS data obtained
on well-crystallized MoSz it is concluded that the molybdenum atoms in
the catalysts are present in MoSz-like structures. Furthermore, from a
comparison of the amplitude of fhe Mo-backscatterer peak it is found that

these HoS2-like structures are ordered in very small domains.



Hydrodesul furization {HDS) catalysts, which are used for removal of
sulfur from varicus fossil hydrocarbon fuels, usually consist of Mo

and Co dispersed on a high surface area support such as n-alumina. In
view of their industrial importance HDS catalysts have been extensively
studied by a varjety of experimental techniques, and a number of hypo-
theses have been presented in order to describe the structure of the
catalyst both in its precursor (calcined) and its active (sulfided)
states. For example, for the active state of the catalyst is has been
proposed that the molybdenum is present either as some type of molybdenum
oxysulfide {see, e.g., 1-3) or as M052 with cobalt either intercalated

in the HoSz (4,5) or present as a separate phase of Cogsg (6). Recent
Mdssbauer emission spectroscopy measurements {7,8) on this catalyst
system have given evidence for a structure different from those menticned
above and it was proposed {7) that this structure, which contains both
molybdenum, cobalt and sulfur {"Co-Mo-S" phase), mainly consists of
single 5-Mo-5 slabs (the basic puilding units of MoSZ) with cobalt most

probably substituting the molybdenum atoms in the structure.

Although Mdssbauer spectroscopy is ideal for studying the amorphous or
microcrystalline nature of the active phases present in HDS catalysts,
the technique only gives direct information on the location of the
cobalt atoms. In order to obtain structural information on the molyb-
denum atoms in the catalysts an investigation has been undertaken using
extended X-ray abserption fine structure (EXAFS). This technigue has re-
cently attracted mych attention in studies of catalysts since it allows
a determination of local structural parameters like coordination number
and interatomic distances, and it has therefore been used in order to
arrive at a structural description of "X-ray amorphous" systems (see,

e.9., 9-11),

Il. Experimental.

The preparation of the HDS catalysts has been reported previously (8)

and only a few details will be given here. The Mo/A1203 (8.6% Mo) cata-
tyst was prepared by impregnating n—R1203 (250 mzlg) with ammonium
heptamolybdite followed by drying and calcining in air at 775 K for 2 h.
The Co—Mo/A1203 {Co/Mo = 0.6 atomic ratic) catalyst was prepared by adding
cobalt nitrate to the above Mo/A1203 catalyst, and then by drying and cal-
cining in air at 775 X for 2 h. A reference material of well-crystallized
MoS2 was obtained from Riedel-de Haén AG (surface area (BET) = 1.79 mZ/g;
crystallite dimension obtained from the X-ray diffraction {002) reflection:

D(002) ~ 650 A).

The MU/A1203 and the Co-Mo/M?O3 catalysts in the calcined state and the
well-crystaliized McS2 were pressed into self-supporting wafers, 1 1/8"
in diameter, and mounted between two pieces of Magic tape. The sulfided
alumina-supported catalysts were studied /»n 7z by placing wafers (16 mm
in diameter) in a specially designed cell equipped with X-ray transparent
windows. Sulfidation of the samples was carried out in the cell in a gas
mixture of HZIHZS (2% HZS) at 675 K for 4 h after which treatment the
cell was sealed off. The absorber thickness, x, of the samples was chosen
such that px ~ 1 {u is the linear absorption coefficient) on the high-
absorptian side of the edge. The EXAFS experiments were performed at

DESY in Hamburg using the synchrotron radiation from the DORIS storage
ring and the EXAFS-setup at EMBL (12). The X-rays, which were emitted by
the storage ring at about 4.6 GeV with a typical current of 10 mA, were
monochromatized by twa Si (220) single crystals and the beam intensity
was measured, before (I} and after (1) passing through the sample. by
use of two ionization chambers filled with Ar. All spectra were obtained

at room temperature at 2 eV steps extending up to 1000 eV above the K-edge

of Mo.



I11. Results.
The raw EXAFS data for the alumina-supported catalysts in the calcined
state are shown in Figure 1, where ux = In (I /1) is platted against
photon energy. The EXAFS data anmalysis used here has been described in
detail in reference (13). This procedure involved a background subtraction
by means of cubic spline functions, multiplication of the EXAFS by a factor
k, and normalization by the jump height at the K-edge. The structural en-
vironment of the Mo atoms in the two catalysts as determined by Fourier in-
version of the EXAFS data is shown in Figure 2 where R is the radial dis-
tance from the absorbing Mo atom. The radial distribution function for both
catalysts shows the presence of only one distinct backscatterer peak, which
is undoubtedly due to oxygen. Applying the principle of transferability of
phase shifts (14) a Mo-0 interatomic distance of about 1.73 A can be
estimated by use of a scattering phase shift of 0.44 A (15) for the Mo-0

atom pair,

Figure 3 a-c shows the EXAFS spectra for well-crystallized M052 (a) and
the sulfided catalysts, MD/MZO3 (b} and Co-Mo/MZO3 {c), the latter two
being obtained [n situ in+the H2/HZS mixture, The corresponding Fourier
inversions of the data are shown in Figure 4 a-c. It is abserved that the
peak due to the first coordination shell is Jocated at essentially the
same R-value (~ 1.90 A) and has the same amplitude in all three cases. The
location of the peak due to the second coordination shell {R T 2.86 A) is
also found to essentially identical in all the samples. However, the am-
plitude of the peak associated with this shell is substantially lower in
the catalysts {(Fig. 4 b and c) and that found in the well-crystallized MoS2
(Fig. 4 a).

A region surraunding each of the two main peaks in R-space was also trans-
formed back into k-space for the transforms shown in Figure 4. The results
of this Fourier filtering procedure showed that in all three cases the

EXAFS amplitude due to backscatterer atoms in the first coordination shell
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has a maximum Tocated at a relatively low k-value (about 4.5 A']) whereas
the second shell gives a maximum located at a higher k-value {about 9 A']).
These results indicate that the first peak in the Fourier transforms is
caused by low 7 atoms and the second peak by high Z atoms (15-17), which
suggests that these peaks are due to scattering from S and Mo, respectively.
iThis is in agreement with the structure of MaS2 which has sulfur in the

first coordination shell and molybdenum in the second shell.

The nearest Mo-S and Mo-Mo interatomic distances in MoS2 are 2.41 A and
3.16 A, respectively. By use of these values and the peak positions from
the Fourier transform of well-crystallized MoS2 {Fig. 4 a), empirical

phase shifts for Mo-S and Mo-Mo scattering can be determined. The results
are oy« Z0.51 A and "Mo-Mo T 0.30 A, and these values are in qualitative

agreement with those published by Cramer «t af. (15).

In contrast to the sulfided catalysts the radia) distribution function
for the well-crystallized M052 (Fig. 4 a) also seems to show peaks which
may be identified as originating from coordination shells outside the
second one. No great differences are observed between the results of the

Mo/A]203 and the Co—Mu/A]203 catalysts in the sulfided state.

Discussion.

The present EXAFS data show that for the Mu/A1203 and Co-Mo/A1203 catalysts
in the calcined (oxidic) state their radial distributien functions have

only a single strong backscatterer peak due to oxygen atoms surrounding the
molybdenum. The absence of more distinct peaks suggests that a great deal

of disorder exists outside the first coordination sphere of the molybdenum
atom. Schuit and cowarkers {1) have suggested the presence of a "M003-mono—
layer" structure on the surface of the alumina in calcined catalysts. However
such a structure would presumably give rise to some degree of order outside

the first coordination shell which is not nbserved in the present study
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This shows that there does not exist a single well-defined molybdenum-
containing compound. Rather, the results suggest that in the calcined
catalyst molybdenum is present as isolated ions, chains, or small dis-

ordered patches.

The Mo-0 bond tength of about 1.73 A, calculated from the peak position and
the empirical phase shift published by Cramer ¢ /. (15), is within those

Mo-0 distances exhibited for tetrahedral-coordinated Mo in Fe,{Mo0,), and

2Mo04 1y

is also in accordance with the shorter of the Mo-0 distances in CoMoD, and
Hooa. in which Mo is octahedrally coordinated. By use of other spectroscopic
techniques (see, e.g., 18-20) it has been reported that Mo is present both
tetrahedrally and octahedrally coordinated, in the calcined state of
CO-MD/A1203 catalysts. From the present results it is not possible to ob-
tain direct information about the coordination number of the molybdenum
atoms but such information could be obtained from a more detailed EXAFS

study involving studies of several model compounds, which allow to obtain

accurate phase shifts and amplitude functions for the samples in question.

By comparing the radial distribution functions for the Mo/MzU3 and the
Co-Mo/A1203 catalysts it 1s found that the Mo-0 distance in both samples

is essentially the same. However, the backscatterer peak is broader in

the Co-Mo/A]ZO3 catalyst, which may suggest that the presence of cobalt

has some effect on the immediate surroundings of the absorbing molybdenum
atoms. Such a result could be in accordance with several studies (see, e.g,
20-23) which have shown that in calcined catalysts there may exist an inter-
action between cobatt and molybdenum possibly originating from the presence
of cobalt-moiybdate like phases. However, the present results show that the

latter phases, if present, are not as well ordered as bulk CoMoOQ.

It may be worthwhile to mention the shape of the absorption edge itself.

In the absorption spectra in Figure 1 it is clearly observed that a Tow
energy shoulder is superimposed on the rising curve of the main peak.

This shoulder can be interpreted as originating from the s + 4d transition
(24). By studying a series of Mo complexes with different sulfur and oxygen
ligands, Cramer (24) has found that this transition is particularly intense

when molybdenum is doubly bound to oxygen.

In contrast to the calcined catalysts the Mo K-edge of MoS2 and the sul-
fided catalysts does not show a low energy shoulder due to the 1s + 4d
transition. In (24) it was found that this transition is virtually non-
existent when molybdenum has all sulfur ligands in a non-tetrahedral co-
ordination. It is therefore likely that the major fraction of the molybdenum
atoms in the sulfided catalysts are present in a sulfided environment and
not as an oxysulfide as suggested by several authours (1-3). Further support

for this view is given beiow.

The EXAFS data for the Mo/A1203 and Co-Mn/A1203 catalysts in the sulfided
state show that some degree of order exists nutside the first coordination
shell because two distinct backscatterer peaks are observed in the Fourijer
transforms of these catalysts {Figure & b and c). The fact that the po-
sition as well as the magnitude of the first peak are essentially the same
for well-crystailized M052 and for the two sulfided catalysts strongly in-
dicates that the molybdenum in the catalysts has the trigonal prismatic
sulfur coordination as in bulk MoSz. This suggests that a H052-11ke phase
is present in both the sulfided Mo/AT,0, and the Co-Mo/A1203 catalysts in

the sulfided state.

With respect to the second peak, similar bond lengths were found for the
three samples further supporting the presence of a MoSz-like structure in

the catalysts. However, the ratio between the second and the first peak



amplitudes is significantly lower in the catalysts than in the well-
crystallized MoS2 sample. This result indicates either that the number of
Mo backscatterer atoms in the second shell in the alumina-supported cata-
lysts is less than the number of Mo atoms present in bulk MoSZ. or that the
MoS2 structure in the catalysts has some degree of disorder outside the
first coordination shell. In view of the highly dispersed structures
present in the catalysts both explanations are possible. By use of the
effective phase shift and the observed peak height normalized to the number
of scatterers and their distance, as determined from the second peak of the
Fourier transform of bulk M052 (Fig. 4 a), the average number of Mo
ccatterers at the distance corresponding to the second shell in 'MoS2 can be
estimated for the two catalysts. From the results in Figure 4 b and c it is
found that the second-shell coordination number for both the MO/A1203 and
the Co-Mo/A1203 catalysts is around 3. This indicates that the size of
domains, in which an order similar to that found in MoS2 exists, is about
10 A. Thus the structure in sulfided alumina-supported catalysts may be

thought of as very small, ordered domains with a Mosz-¥ike structure.

The present resuits for the sulfided catalysts are in accordance with
the recent Mossbauer results (7) which showed that the active Eo-Mo/A1203
catalysts contain MoSZ-like structures in a highly dispersed state. In the
Jatter study it was furthermore proposed that cobalt may substitute molyb-
denum in such structures. The present results are consistent with this
propesal but provide of course no direct confirmation. This must await

EXAFS studies on the Co-edge, which are now being undertaken.

Conclusion.

The present EXAFS study shows that the malybdenum atoms in the calcined
state of alumina-supported HDS catalysts are present in structures where no

significant order exists outside the first oxygen coordination shell. These
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structures may be viewed as Mo atoms present as, for example, isolated
ions, chains, or very small patches. In the active, sulfided state of
the catalysts the immediate surroundings of the Mo atoms are identical

to those in bulk MoS2 with Mo trigonally prismatic-coordinated to sulfur.
The results show that, upon sulfiding the catalysts, an ordering of the
molybdenum-containing phase takes place as evidenced by the observation
of a Mo-Mo distance. However, the average coordination number in this
shell is lower than that found in well-crystallized MOSZ' These results

suggest that the MoSz-like domains formed upon sulfiding are still very

small
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FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

K-edge absorption coefficient of Mo versus X-ray photon energy
for the calcined catalysts. a) MU/A]ZOJ catalyst; b) Co—Mo/A1203
catalyst. Edge-structure shown in insert.

Relative magnitude of the Fourier transforms of the data in
Fig. 1 after multiplication by k and background subtraction.

a) Mo/A]203 catalyst; b) Co-Mo/A1203 catalyst.

K-edge absorption coefficient of Mo versus X-ray photon energy
for well~crystallized MoS2 (2)s sulfided Mo/A1,0, catalyst (b);
and sulfided Cu-Mo/A1203 catalyst (c).

Fourier transforms of the data in Fig. 3 after multiplication by
% and background subtraction. a) Well-crystallized MnSZ; b) sulfided

Mo/A1203 catalyst; ¢) sulfided Cn—Mo/Al?ﬂ catalyst.
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