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The adsorption of O, on alumina-supported (Co)MoS, catalysts
and the subsequent mild oxidation of the (Co)MoS, by O, have been
studied by extended X-ray absorption fine-structure (EXAFS) spec-
troscopy. By analyzing the difference between spectra before and
after O, exposure, small changes in the structure could be deter-
mined, which were not resolved using standard methods. At 20°C
on MoS,/alumina and (Co)MoS,/alumina, O, is chemisorbed at
the edge of the MoS, particles at a Mo-O distance of 1.73(2) A
The O, chemisorption results at the Mo edge indicate that, de-
spite the large fraction of Co at the surface of the MoS; crystal-
lite in (Co)MoS,/alumina, some of the Mo atoms are exposed to
the reacting gases. At 100°C, there is partial substitution of S by
O atoms in the Mo coordination sphere. The resulting decrease in
both the Mo-S and Mo-Mo coordination numbers indicates partial
disruption of the MoS; crystallites. At 20°C, O, chemisorption on
(Co)MoS,/alumina also leads to displacement of the terminal Co-S
bond and the formation of one Co—O bond at a distance of about
2.01(5) A. The terminal Co-S bond distance is 2.26(2) A and is sig-
nificantly longer than the four bridging Mo-S-Co bonds, which are
2.18(2) A. At100°C, the latter are unreactive to O, although the Co
ion coordination increases to about six, i.e., four bridging Co-S and
two terminal Co-O bonds. The Co chemisorption results suggest
that the terminal Co-S is the reactive bond that has been displaced
by the oxygen adsorbate.  © 2001 Academic Press

Key Words: hydrodesulfurization; EXAFS; molybdenum,; cobalt;
CoMo catalyst; HDS catalyst; O, chemisorption.

INTRODUCTION

The sulfur content in crude oil continues to increase both
in the United States and throughout the world. At the same
time, recent environmental regulations aimed at greatly re-
ducing the amount of sulfur in gasoline and diesel fuels in
the United States and Europe have renewed efforts to de-
velop more active and selective catalysts. For example, the
average sulfur content of gasoline in the United States is
currently around 300 ppm. The regulations of the U.S. En-

1 To whom correspondence should be addressed. E-mail: millejtl@
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vironmental Protection Agency require reducing sulfur in
gasoline to 30 ppm by the year 2006 (1). Reducing sulfur to
these very low levels without hydrogenating the octane-rich
olefin compounds in the gasoline is very difficult. Therefore,
a key to the development of improved catalysts is a precise
understanding of the structure of the active site, especially
during the interaction with reactants and under operating
conditions.

Alumina-supported Mo and W sulfide catalysts are
widely used in petroleum refining for removal of S and N
heteroatoms (2). The activity of MoS, catalysts is promoted
by addition of Co or Ni, and the structure of the active
site has been extensively studied by numerous techniques
(2, 3). Mossbauer (4-9) and EXAFS (9-16) analysis have
provided the most detailed and complete information about
the local structure of the active phase. The catalytic site in
(Co)MoS; is composed of isolated, five to six S-coordinated
Co ions located at the edge of small MoS; crystallites (4, 5)
and bridging between two Mo atoms (12, 13). While it has
been proposed that the catalyst has four bridging Co-S-
Mo bonds and one or two terminal Co-S bonds, only one
Co-S distance at 2.20 A has been resolved using standard
EXAFS analysis (11, 15, 16).

Chemisorption of adsorbates, like O,, NO, CO, etc., has
often been used to estimate the MoS; particle size (2, 3).
Oxygen selectively chemisorbs at the MoS, edge (17-21),
and the adsorption capacity increases linearly with the Mo
loading (18). Although the adsorption stoichiometry has
not been firmly established and every active site may not
be titrated (20, 22-25), oxygen is thought to chemisorb only
at the catalytic site (17-20, 26-29). Thus, determination of
the changes in structure that occur during adsorption and
reaction with oxygen could provide insight into the impor-
tant steps in the catalytic cycle.

This paper describes the changes that occur at the Co and
Mo atoms of a (Co)MoS,/alumina catalyst after adsorption
and partial oxidation with O,. Since the changes to the cat-
alytic surface that occur are relatively small, a modified EX-
AFS analysis procedure has been adopted. On the basis of
this analysis, two Co-S distances have now been resolved,
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while at the Mo ions, oxidation leads to replacement of a
portion of the bridging S by O ions.

EXPERIMENTAL

Catalysts. Catapal SB alumina was calcined at 500°C.
The alumina support was impregnated with ammonium
heptamolybdate (Aldrich) to give 5 wt% Mo, dried over-
night at 100°C, and calcined at 350°C. The CoMo/
alumina catalyst, KF-756 from Akzo Nobel, was commer-
cially available and contained 11.2% Mo and 3.1% Co. The
catalysts were presulfided at atmospheric pressure by heat-
ing in a high flow (20 cm®/min per gram of catalyst) of 5%
H,S in H,. The sulfiding temperature was increased from
room temperature to 350°C at 5°C/min, held at 350°C for
2 h, and cooled to room temperature in H,S/H,.

Oxygen chemisorption. Prior to the chemisorption de-
termination, the presulfided MoS,/alumina catalyst was
reduced in static H, and evacuated at 350°C. The O,
chemisorption was determined by the double isotherm
method and extrapolated to zero partial pressure (17).

EXAFS data collection. The EXAFS measurements
were made on the insertion device beam line of the Materi-
als Research Collaborative Access Team (MRCAT) at the
Advanced Photon Source, Argonne National Laboratory.
Measurements were made in transmission mode with the
ionization chambers optimized for maximum current with
linear response. A double-crystal Si (111) monochromator
with resolution (AE/E) better than 2 x 10~* at 20 keV
(~4 eV) was used in conjunction with a Pt-coated mirror to
minimize the presence of harmonics (30). The integration
time per data point was 1-3 s and three scans were obtained
for each processing condition.

The sample thickness was chosen to give an absorp-
tion edge step (Aux) of about 1.0 in the Mo edge re-
gion: approximately 0.5 g of presulfided MoS,/alumina, or
0.2 g of (Co)MoS,/alumina. The sample was centered in a
continuous-flow in situ EXAFS reactor vessel (45 cm long
by 2 cm diameter) fitted with Kapton windows. Due to
the strong absorption of the Mo and the support in the
CoMo/alumina catalyst, at the Co K-edge (7.709 keV) ex-
tra care was taken to provide a uniform sample as well as
to eliminate higher order harmonics in the beam. To as-
sure uniformity, the finely ground sample (<100 mesh) was
pressed into a wafer between polished steel dies. The Co
absorption edge step was Aux = 0.6 with a total sample ab-
sorption ux ~3.5 above the edge. The Co edge data range
was limited to 12.5 A~ due to the presence of Ni impurities
in the sample.

Standard procedures were used to extract the EXAFS
data from the absorption spectra using WINXAS97 soft-
ware (31). Prior to the EXAFS measurements, the presul-
fided catalysts were heated to 350°C for 1 h at atmospheric

pressure in a flow of 5% H, in He (150 cm®/min). The EX-
AFS datawere collected at room temperature in 5% H,/He.
Additionally, following reduction and after purging at room
temperature with He, the catalyst was treated in 5% O,/He
at room temperature or 100°C. The EXAFS data were col-
lected at room temperature in 5% O,/He.

Phase shift and backscattering amplitudes were obtained
from reference compounds: MoS; for Mo-S and Mo-Mo
(32), Na;MoQ, for Mo-O (33), CoS, for Co-S (34), and
CoO for Co-O (35).

Data analysis by difference method. The EXAFS signal
is composed of a linear combination of the absorption fine
structure of each scattering path in the sample (36). To a
first approximation (ignoring electronic changes), remov-
ing/adding one coordinating atom from the environment of
one absorbing atom will eliminate/add the scattering path
from that pair of atoms, resulting in an immeasurably small
change in the EXAFS. The difference method extends this
idea to larger changes. In the case of MoS,, if oxygen is ad-
sorbed to the edge of the MoS; particles at the exposed Mo
sites, then additional scattering paths will contribute to the
signal. The impact on the EXAFS will be proportional to
the number of Mo-O bonds formed. In small enough parti-
cles, where there is a large fraction of surface-exposed Mo
atoms, the adsorption of oxygen will have a measurable
effect. If two scans of the same sample differ by a small
amount, subtracting one spectrum from another will result
in a data set that describes the difference between the state
of the sample in the two scans. Furthermore, the difference
may be analyzed by standard analysis methods.

In the hypothetical example chosen, if adsorption has no
effect on the structure of MoS,, the EXAFS measured from
the core catalyst particle would be identical before and after
adsorption of oxygen, the only change being the addition
of the adsorbed Mo-O scattering paths. Therefore, taking
the difference of the two spectra before and after oxidation
would leave only that contribution due to the added Mo-
O paths (within a single scattering approximation). It will
be shown later that oxygen adsorption, even at 20°C, has a
small effect beyond adding Mo-O bonds.

A second possibility is illustrated for the Co coordina-
tion environment in (Co)MoS,. The EXAFS spectra were
measured after reducing/sulfiding the catalyst (scan A) and
again after exposure to oxygen (scan B). If an oxygen atom
were to replace a sulfur atom in the coordination sphere
of Co, fitting the difference signal, given by scan A minus
scan B, would result in measuring one sulfur path and one
(negative amplitude) oxygen path. The advantage of this
technique is clearly that it emphasizes the signal from the
new coordinating atom. In general, conventional analysis
methods that use nonlinear fitting algorithms are inade-
quate for fitting a small-amplitude path in the presence of
a much larger amplitude path, while still obtaining mean-
ingful fitting results and uncertainties. In most cases, the
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value of x? is minimized with respect to variations in the
fit parameters. The contribution of one Co-O path per Co
atom is very small compared with the five or six Co-S paths,
which overlap in the Fourier transform. Using conventional
analysis techniques, changes to the fitting parameters for
the Co-O path have very little effect on the x? value, even
when parameters for the Co-O path are not highly corre-
lated with other fit parameters. It becomes very difficult to
assign any significance to the results when the additional
path is included.

The process by which the difference spectrum can be
obtained is straightforward. The critical step is the energy
calibration. A reference spectrum must be taken simulta-
neously with the scan of the catalyst, from which the en-
ergy calibration can be verified if there can be more than a
0.1 eV drift in the calibration of the monochromator. The
scans must be on the same energy scale (at least near the
edge) to within 0.1-0.2 eV. The data should then have the
pre-edge background removed and be normalized to an
edge step, AuX, equal to one, as is conventional. At this
point, the raw data from one scan may be subtracted from
another, with interpolation of the data points to a com-
mon grid if necessary. The background removal function
may then be applied. Alternatively, the background may
be removed, the data converted to k-space, and then the
subtraction performed. In this case, the same edge energy
(Ep) must be used for all scans to calculate the electron mo-
mentum wavenumber, k; otherwise, significant artifacts will
be introduced into the difference spectra. However, taking
the difference of the raw data before subtracting the slowly
varying background function will result in a data range sig-
nificantly extended to lower k values; this capability may
be important for data sets with a limited range, or samples
with low-Z backscatterers, such as oxygen.

Methods of isolating shells of interest by using restricted
data ranges (in r- or k-space) or different k-weightings to
emphasize different backscatters are applicable to most
problems, and are a common technique used to fit EXAFS
data. It should be noted that this method, while conceptu-
ally similar to other methods that attempt to improve the
statistical significance of one path by removing another path
from the data (37), isactually quite different. This method is
based on the physical similarities and differences of a sam-
ple in two spectra. The difference is a model-independent
method of isolating changes between two different scans
and may only be used in a limited class of experiments.
Ramaker et al. have used a similar method to analyze the L
and L, near-edge spectra of Pt metal catalysts on y-Al,O3
supports (38).

The difference data set may now be analyzed by standard
techniques, with one difference. Instead of positive defi-
nite coordination numbers, the coordination number for a
path may now be positive or negative. This procedure has
been verified for the one set of conditions in which it was

possible to fit directly each data set individually as well as
use the difference technique, i.e., the difference between
the reduced MoS; catalyst and the same sample oxidized at
100°C.

The experimental and theoretical difficulty can be ex-
pressed with two questions: how much change in the overall
structure may be considered small, and how small a differ-
ence is significant? To address the first question consider the
following. First, small changes in either radial distance or
the energy origin will result in a difference signal that looks
similar to the derivative of the original signal, with the am-
plitude increasing for increasingly larger changes. Second,
changes in coordination number alone will look like the ex-
pected EXAFS signal for asingle path. Third, small changes
in the EXAFS Debye-Waller factor will look similar to
changes in the coordination number, but will have nearly
zero amplitude at low k values with increasing amplitude
at larger k values. As a result, the difference method, in the
form presented here, may only be used to measure changes
inthe constituents of the coordination environment. It must
be used with care if there are other significant changes to
the structure.

To examine the effects of small changes in the bulk struc-
ture, several simulations were run that systematically in-
vestigated the effect of differences in the radial distance,
energy origin, EXAFS Debye-Waller factor, and coordi-
nation number (i.e., R, Eg, o, and N, respectively) on the
EXAFS from the first two shells of MoS,. These simula-
tions were based on scattering paths calculated using feff
version 8.0 (39), while the simulated data were produced
from these scattering paths using feffit (40). Figure 1 shows
the simulation results for changes in the distance of the
Mo-S path as well as changes in the edge energy, due to ei-
ther incorrect calibration or a chemical shift. Both variables
affect the phase of the x (k) data. In Fig. 1a.i, Ey is shifted by
+2 eV. Even this small shift produces significant differences
between the two data sets (solid line), although the changes
are more pronounced at low k, since k? is proportional to
E — E [i.e., i?k? = 2me(E — Ep)]. In addition, the differ-
ence is similar to the negative derivative of the original data.
The amplitude of the Fourier transform of the difference is
about 20% as large as the original data (Fig. 1b). Shiftsin Eg
cause the imaginary component of the Fourier transform to
also look like a derivative of the original data, although the
peaks in the magnitude still roughly line up with the orig-
inal data (slightly shifted to lower R). Clearly, the energy
calibration is important, as are potential chemical shifts. If
possible, the calibration should be maintained to 0.1-0.2 eV
to minimize this effect.

Figure 1a.ii shows the effect of changing the Mo-S bond
length, Ruio—s, by 0.02 A for all Mo-S pairs. For clarity, only
the Mo-S path is shown (dotted line) and not the entire
spectrum. The solid line is the difference. Once again, the
difference looks like a derivative of the original signal, but
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FIG.1. (a) A simulation of the EXAFS for a change in E; and the

bond length of the Mo-S path. (i) k?-weighted x (k) simulation of MoS;
(dashed line) and the difference between the simulated spectrum (i) and
the spectrum with Ey shifted by +2 eV (solid line). (ii) k?-weighted x (k)
simulation of the Mo-S path (dashed line), and the difference between
the simulated spectrum (i) and the spectrum with Mo-S bond length de-
creased by 0.02 A (solid line). (b) Magnitude of the Fourier transform of
the (i) simulated data for MoS,, (ii) the difference spectrum for a +2 eV
difference in Eo, and (iii) the difference spectrum for a —0.02 A change
in the Mo-S bond length. The transform was taken with Ak = 2-15 A1,
The vertical dashed line marks the position of the MoS,, Mo-S peak.

in contrast to changes in Eg, the difference is relatively small
at low k and increases at higher k. A change of 0.02 A causes
the amplitude of the difference to be about 20% of the orig-
inal. The amplitude is roughly proportional to the change in
the bond length. To have a negligible impact on the differ-
ence spectrum, the changes in bond lengths should be less
than 0.002 A. However, since changes in bond length are
easily distinguishable from changes in coordination num-
ber, the maximum difference that can be tolerated depends
on the magnitude of the effect one is studying. In this case,

changes in the bond distances of as much as 0.005 A would
not significantly alter the results.

Changes in the coordination number or the Debye-
Waller factor cause the difference spectrum to be in-phase
with a particular path in the original spectrum. Since the
DW factor has little effect on the EXAFS at low k, the
difference is also close to zero at low k, with increasing am-
plitude relative to the original data at high k. A change in
coordination number clearly results in a path identical to
the original path, only with smaller amplitude. In the case of
MoS;, a change of 20% in the coordination number results
in a difference spectrum that has an amplitude similar to a
change of 0.002 A? in the DW factor. Therefore, in order
to be negligible, DW factor changes must be smaller than
ca.5x 1074 A2,

The second question is that of how small a difference
may be considered significant. Since the magnitude of a
real structural difference that can be detected depends to a
large degree on the quality of the data and the experimen-
tal conditions, this cannot be answered generally. In these
measurements, it is clear that the difference spectrum re-
flects changes in the Mo—Mo coordination number as small
as 0.2 and that this difference is significantly larger than the
noise level (see Fig. 8). Nonetheless, given the complication
of changes in other variables (i.e., Ep, R, and ¢?), it is not
entirely clear whether this small difference reflects a real
change in the coordination humber.

RESULTS

MoS,/Alumina

The catalytic properties, chemical analysis, surface area,
X-ray diffraction, and EXAFS analysis of the sulfided
MoS;/aluminacatalyst have previously been given (16). The
elemental analysis is 4.5 wt% Mo, and the O, chemisorp-
tion capacity at 20°C is 1.87 cm®/g, or a 0.36 O/Mo molar
ratio.

Figure 2 shows the changes in the k>-weighted EXAFS
data and the magnitude of the Fourier transform of the
MoS,/alumina catalyst exposed to 5% O, at 20°C and
100°C. Adsorption of O, at 20°C leads to small changes
in the EXAFS data. The Fourier transform shows a small
increase in the shoulder on the low- R side of the Mo-S peak
atabout 2 A. Only minor changes in the Mo-S and Mo-Mo
coordination numbers occur on chemisorption of O,. Heat-
ing the MoS,/alumina catalyst in 5% O, at 100°C leads to
larger changes in the EXAFS data, with a distinctive Mo-O
peak at about 1.5 A in the uncorrected Fourier transform.
Additionally, both the Mo-S and Mo-Mo peaks at around
2 A and 3 A, respectively, decrease slightly in the Fourier
transform.

Because of the large and partially resolved Mo-O coordi-
nation in the MoS,/alumina catalyst oxidized at 100°C, the
spectrum could be fit with moderate success by standard
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FIG. 2. Molybdenum K-edge EXAFS data for sulfided MoS,/Al,O3

(solid line, sulfided; dashed line, sulfided followed by 5% O, at 20°C; and
dotted line, sulfided followed by 5% O, at 100°C). (a) k>-weighted raw
data and (b) magnitude of the k?-weighted Fourier transforms, Ak = 3.10-
16.02 A1,

procedures. The three-shell model fit (Mo-O, Mo-S, and
Mo-Mo) to the isolated EXAFS data for the 100°C ox-
idized MoS,/alumina catalyst is shown in Fig. 3, and the
coordination parameters are given in Table 1 along with
those previously given for the sulfided catalyst (16). At
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100°C, the Mo-0O coordination number, Npo—o, is 0.8 at
a distance of 1.69 A, which is significantly shorter than the
1.77 A'in Na,MoO,, i.e., Mo® -0 (33), but is similar to two
of the tetrahedral Mo®+—O bonds in COMoO,, i.e., 1.72 A.
Also, there is a decrease of about 0.9 and 0.3 in Ny,—s and
Nmo—Mo, respectively. The replacement of Mo-S by Mo-O
disrupts the MoS; structure, as evidenced by the smaller
Mo-Mo coordination; however, much of the MoS, struc-
ture remains unchanged.

While the EXAFS spectrum of catalyst oxidized at 100°C
could be fit by standard analysis procedures, the spectrum
for MoS,/alumina exposed to oxygen at 20°C could not.
All attempts to determine a Mo-O contribution were un-
successful due to the large, overlapping Mo-S path, which
dominated the fit. The small changes, however, could be fit
by analysis of the difference spectrum between the sulfided
catalyst and the catalyst with oxygen.

The validity of the difference method was verified by
comparing the results with those of the standard analysis
for MoS,/alumina oxidized at 100°C. The multiple-shell,
R-space fit of the Fourier transform of the difference spec-
trum for the MoS,/alumina catalyst minus that oxidized at
100°C is shown in Fig. 4 along with the three-shell model
fit. Since the Mo-S path in the difference spectrum is much
smaller than in the direct fit of the sulfided catalyst, the Mo—
O path is better resolved from the Mo-S path. The fitting
parameters for the difference spectrum are givenin Table 1,
and indicates about 0.7 fewer Mo-S and 0.3 fewer Mo-Mo,
in good agreement with the difference in coordination pa-
rameters determined by direct fitting of the sulfided and
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FIG. 3. Three-shell, R-space (direct) model fit: Mo K-edge EXAFS
data for sulfided MoS,/Al,Os followed by 5% O, at 100°C, k?, Ak = 2.95-
16.04 A1, AR = 1.17-3.15 A; solid line, data; dotted line, model fit.
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TABLE 1
EXAFS Analysis of MoS,/Alumina + O,: Mo Edge

Path Ak, At AR A N(Coord. number) R A Ac?, A2(x1073) AE,, eV
Sulfided: Multiple-Shell Fit of k2-Weighted Fourier Transform

Mo-S 2.95-16.04 1.25-3.16 3.6(3) 2.42(1) 2.0 -0.2

Mo-Mo 1.9(2) 3.15(2) 2.2 -1.0
Sulfided 4 O, at 20°C: Multiple-Shell Fit of k?-Weighted Fourier Transform of the Difference Spectrum?

Mo-S 2.95-12.01 1.13-3.17 0.2(2) 2.42(3) 2.0 —-35

Mo-Mo 0.2(2) 3.18(3) 3.8 -5.0

Mo-O —0.5(2) 1.72(2) 5.0 5.1
Sulfided 4+ O, at 100°C: Multiple-Shell Fit of k?>-Weighted Fourier Transform of the Difference Spectrum?

Mo-S 2.95-15.12 1.02-3.23 0.7(2) 2.42(2) 1.9 18

Mo-Mo 0.3(2) 3.16(2) 1.3 0.8

Mo-O —1.2(3) 1.73(2) 6.4 5.8

Sulfided + O, at 100°C: Multiple-Shell Fit of k2-Weighted Fourier Transform

Mo-S 2.95-16.04 1.17-3.15 2.7(3) 2.42(1) 2.0 -11

Mo-Mo 1.6(2) 3.14(2) 18 -0.2

Mo-O 0.8(2) 1.69(3) 1.7 5.1

2 n the difference spectra, a positive sign indicates a net loss while a negative sign indicates a net gain in the coordination number (N) of the oxidized

samples.

100°C oxidized catalysts. The Mo-O coordination number
(1.2) is larger than the direct fit and the bond distance is
somewhat larger (1.73 A) in the difference spectrum. This
difference is due to the correlation between the DW factor
and the coordination number. Na,MoQy, the standard used
for the Mo-O path, has an unusually low DW factor, about
1.4 x 103 A2 (from fitting to feff calculations). Therefore,
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FIG. 4. Three-shell, R-space model fit: Mo K-edge EXAFS for differ-
ence spectrum of sulfided MoS,/Al,O3 minus sulfided MoS,/Al,O3 fol-
lowed by 5% O, at 100°C, k?, Ak = 2.95-15.12 A1, AR = 1.02-3.23 A;
solid line, data; dotted line, model fit.

the Mo-O DW factor in the difference fits is actually in
a range more typical of O nearest neighbors. Due to the
better resolution of the Mo-O contribution, the results ob-
tained by analyzing the difference spectrum are the more
accurate.

While the Mo-O path is barely visible in the Fourier
transform of the MoS,/alumina with adsorbed O, at 20°C,
Fig. 2b (dashed line), the Mo-O path is well resolved in
the Fourier transform of the difference (not shown), and
the fit results are given in Table 1. At 20°C, Npo—o is 0.5
at a bond distance of 1.72 A, which is within experimental
error of the O, chemisorption value of 0.36 O/Mo. There
are only minor changes in the Mo-S (0.2) and Mo-Mo (0.2)
coordination numbers. At 20°C, therefore, oxygen is most
likely chemisorbed at the edges of the MoS; sheets with
little change in the MoS; structure.

(Co)MoSy/Alumina Catalyst

The catalytic properties, chemical analysis, surface
area, X-ray diffraction, and EXAFS analysis of the
(Co)MoS,/alumina catalyst have previously been given
(16). The sulfided CoMo/alumina catalyst was also treated
with O, at 20°C and 100°C, and the EXAFS spectra
were measured at both the Mo and Co edges. While
small changes were observed in the raw data and Fourier
transforms in both edges following treatment with O, (not
shown), none of the spectra could be fit directly. Analysis
of the difference, however, gave satisfactory fits even for
very small changes due to chemisorbed oxygen. Typical fits
of the (Co)MoS,/alumina catalyst treated in O, at 20°C are
shown in Figs. 5 and 6 for the Mo and Co edges, respectively.
The coordination parameters for the model fits at the Mo
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FIG.5. Three-shell, R-space model fit: Mo K-edge EXAFS for diffe-
rence spectrum of sulfided (Co)MoS,/Al,O3 minus sulfided (Co)MoS,/
alumina followed by 5% O, at 20°C, k%, Ak=3.15-12.51 A1, AR=
1.04-3.34 A; solid line, data; dotted line, model fit.

edge are given in Table 2, and those for the Co edge in
Table 3.

Atthe Mo edge of the (Co)MoS,/aluminacatalyst treated
with O, at 20°C, the Mo-O coordination number is 0.7 ata
distance of 1.74 A, with small changes in Nyo—s and Nyio—mo
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Co-S
0.20
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-0.15

-0.20 1
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FIG.6. Two-shell, R-space model fit: Co K-edge EXAFS for diff-
erence spectrum of sulfided (Co)MoS,/Al,O3 minus sulfided (Co)MoS,/

Al,O; followed by 5% O, at 20°C, k2, Ak = 2.85-10.83 A’l, AR =1.09-
2.37 A; solid line, data; dotted line, model fit.

of 0.1 and 0.2, respectively. As the temperature of the O,
treatment increases to 100°C, Nyo—o increases to 1.1 bonds
at a distance of 1.72 A. In addition, there is a further de-
crease in the Nyo—s (0.7) and Nyo—mo (0.3). As observed for
MoS,/alumina, at 20°C oxygen is chemisorbed with little
oxidation of the MoS; crystallites, while at 100°C the de-
crease in the Mo-S coordination and replacement by Mo-O
suggests a partial disruption of the (Co)MoS; particles.

At the Co edge, O, at 20°C leads to the formation of a
Co-O bond, 1.2 per Co, at a distance of 2.00 A, which is
considerably shorter than the 2.13 Abond in CoO (34), but
similar to the distances in octahedral Co?*-O in CoMo0OQ;,,
ca. 2.00-2.06 A. At the same time, there is a decrease in
the Co-S coordination number by 0.6 at a Co-S distance
of 2.26 A. The Co-S bond, which has been displaced by
oxygen, is longer than the average Co-S distance in the sul-
fided (Co)MoS,/alumina catalyst, whichis 2.20 A.At100°C,
there is a further increase in the Co-O coordination, to 1.9
at a distance of 2.01 A, and a small additional decrease in
the N¢o—s, to 1.1 less than the reduced catalyst at a distance
of 2.25 A.

Figure 7 shows the near edge spectra for the Co edge.
It is clear from the increase in the white-line intensity and
the small increase in the edge energy that the Co has been
oxidized. Although it is not an easily quantifiable measure
of the oxygen coordination, the magnitude of the white-line
intensity increase qualitatively corresponds to the results
we measure in the difference spectra.

DISCUSSION

EXAFS Analysis

In general, the small changes in the structure due to
chemisorption and low-temperature oxidation by O, could
not be determined by fitting the data directly. The small
metal-oxygen coordination is dominated by the larger,
overlapping metal-sulfide coordination; therefore, an al-
ternative fitting procedure was adopted. Since the changes
in structure due to exposure by oxygen were small, fits were
made to the difference of two spectra, i.e., EXAFS data for
the sulfided catalyst minus those for the sulfided catalyst
plus oxygen. Attempts to subtract the isolated shells gave
inconsistent results since selection of the correct data range
was not obvious and, generally, overlapped with other fea-
tures. Subtraction of the entire EXAFS spectra or, alter-
natively, subtraction of the normalized edge spectra gave
reliable difference spectra. Once the difference spectrum
has been obtained, it can be analyzed by standard proce-
dures to determine the coordination parameters.

In the difference spectra, the Mo-S and Mo-Mo (and
Co-S) coordinations, which are larger in the sulfided
catalyst, occur as normal peaks and can be fit with the
same phase and amplitude reference functions. However,
the Mo-0O (and Co-0) paths in the difference spectra are
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TABLE 2
EXAFS Analysis of (Co)MoS;/Alumina + O,: Mo Edge

Path Ak, At AR A N(Coord. number) R A Ac?, A2(x1073) AE,, eV
Sulfided: Multiple-Shell Fit of k2-Weighted Fourier Transform

Mo-S 2.99-16.04 1.08-3.20 5.8(3) 2.42(1) 21 -0.8

Mo-Mo 2.9(3) 3.16(2) 2.2 0.8
Sulfided + O, at 20°C: Multiple-Shell Fit of k?-Weighted Fourier Transform of the Difference Spectrum?

Mo-S 3.15-12.51 1.04-3.34 0.2(2) 2.46(3) 2.6 3.6

Mo-Mo 0.1(2) 3.20(4) 0.5 0.9

Mo-O -0.7(2) 1.74(2) 9.2 6.5
Sulfided 4+ O, at 100°C: Multiple-Shell Fit of k?-Weighted Fourier Transform of the Difference Spectrum?

Mo-S 3.16-12.77 0.88-3.28 0.7(2) 2.40(2) 2.6 23

Mo-Mo 0.3(2) 3.18(2) 1.8 34

Mo-O -1.1(2) 1.72(2) 7.6 45

2 n the difference spectra, a positive sign indicates a net loss while a negative sign indicates a net gain in the coordination number (N) of the oxidized

samples.

present in the oxidized sample and require fitting with a
reference phase function that is 180° out of phase from the
normal reference, with the effect of inverting the signal. The
amplitude function is identical to the standard reference.
In a typical EXAFS experiment, the coordination num-
ber may not be known to better than £10%. This limit is
imposed by a lack of detailed knowledge of the backscatter-
ing amplitude function, as well as possible systematic errors
that affect the amplitude of the EXAFS signal. These in-
clude a variety of sample thickness effects, as well as the
electronics’ response characteristics. When data are com-
pared from two similar samples taken under similar con-
ditions, the backscattering amplitude transferability is im-
proved, and many of the systematic effects can be ignored.
In these experiments, the sample is nearly identical from
scan to scan, except for the changes induced by oxidation
and small shifts in the sample position in the X-ray beam.

Under these circumstances, the relative error in the co-
ordination number between two data sets is much lower:
certainly better than 5% of the total amplitude. Based on
this, an estimate of the coordination number error in the
difference spectrum would be +0.3 for small changes. The
actual uncertainty could be somewhat lower. Data on these
catalysts taken during different runs, or taken one after
the other, all show no evidence of anomalous peaks in
the Fourier transform of the difference spectra. Lines iv
in Figs. 8a and 8b show x (k) and the Fourier transform of
the difference between two spectra taken consecutively on
the same reduced MoS, sample. Essentially no difference is
apparent between the two data sets, and the Fourier trans-
form shows only a hint of a peak. The smallest differences
occur between the reduced catalysts and those oxidized at
20°C. Figure 8, line iii, shows the difference spectrum for
these conditions. The signal is certainly much larger than

TABLE 3
EXAFS Analysis of (Co)MoS;/Alumina + O,: Co Edge

Path Ak, A1 AR A N(Coord. number) R A Ac?, A2(x1073) AE,, eV
Sulfided: Multiple-Shell Fit of k2-Weighted Fourier Transform

Co-S 2.80-10.84 1.14-2.23 4.9(5) 2.20(2) 5.0 -5.6

Co-Mo 2.30-2.86 1.1(4) 2.80(4) 10.0 -21
Sulfided + O, at 20°C: Multiple-Shell Fit of k?-Weighted Fourier Transform of the Difference Spectrum?

Co-S 2.85-10.83 1.09-2.37 0.6(3) 2.26(3) 15 1.7

Co-O —1.2(4) 2.00(5) 0.4 -25
Sulfided + O, at 100°C: Multiple-Shell Fit of k?-Weighted Fourier Transform of the Difference Spectrum?

Co-S 2.85-10.85 1.09-2.37 1.1(4) 2.25(3) 2.2 -0.4

Co-O —1.9(6) 2.01(5) -0.4 -34

Sulfided: Two-Shell Simulation of k?-Weighted Fourier Transform
Co-S 2.80-10.84 1.14-2.23 3.9(4) 2.18(2) 6.3 -85
Co-S 1.0° 2.26b 1.5° 1.7°

a In the difference spectra, a positive sign indicates a net loss while a negative sign indicates a net gain in the coordination number (N) of the oxidized

samples.

b Coordination parameters fixed in model fit assuming one terminal Co-S and with other parameters determined from the catalyst with O, at 20°C.
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FIG. 7. Normalized Co K-edge adsorption spectra: solid line, sulfided
catalyst; dotted line, sulfided +O, at 20°C; dashed, O, at 100°C.

the noise (from scan-to-scan variation). A more detailed
analysis suggests that the differences are not primarily due
to Eg shifts, DW factor changes, or distance changes. There-
fore, these results could be taken as an upper limit to the
uncertainty in the difference fit. Therefore, in general we
estimate the minimum uncertainty for the difference fit co-
ordination numbers to be +0.2, or +20% of the difference,
whichever is larger. The full error analysis takes into con-
sideration different data ranges (Ak and A R), k weightings,
statistical uncertainties, and the correlation between fitting
parameters.

Structure of the (Co)MoS,/Alumina Catalyst
and Reactivity to O,

Previously, EXAFS has been used to determine the struc-
ture of supported (Co)MoS,, (Ni)MoS,, and (Ni)WS; cata-
lysts (9-16). There is general agreement that Mo is present
as small MoS; particles with isolated Co ions located at the
edge with five or six Co-S bonds at a distance of 2.20 A.
The Co-Mo distance of 2.80 A suggests that Co is bridge-
bonded to Mo by S (11, 12, 15, 16). Although the bridg-
ing and terminal Co-S coordinations would be expected to
have different bond distances, in (Co)MoS; catalysts only
one Co-S distance has been resolved. For (Ni)WS, cata-
lysts, however, there are six Ni-S bonds: four bridging W-
S-Ni bonds at 2.22 A and two terminal Ni-S bonds at 2.32 A
(13). Itis generally assumed, therefore, that (Co)MoS, and
(Ni)MoS; catalysts have four bridging Co(Ni)-S bonds at
~2.2 A and one terminal Co(Ni)-S bond at ~2.3 A.

As in previous studies, the Co-S coordination number
of (Co)MoS,/alumina is about five, and the bridging and
terminal Co-S distances cannot be resolved. In this study,

exposure to O, at 20°C and 100°C leads to a loss of
about one Co-S bond with a distance of 2.26 A. The lat-
ter is consistent with the longer terminal Ni-S bond in
(Ni)WS; on carbon and alumina supports (13). While the
terminal Co-S bond is reactive to O,, the remaining four
are not, even at 100°C, and are likely bridging bonds.
The coordination parameters for the bridging Co-S bonds
were determined by fitting the Co-edge EXAFS data of the
sulfided (Co)MoS,/aluminacatalyst assuming that there are
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FIG.8. The (a) x (k) and (b) Fourier transform magnitude comparing
(i) the reduced MoS,/Al, O3 spectrum (dashed line; amplitude is divided
by 10), (ii) the difference between MoS,/Al,O; oxidized at 100°C and
reduced, (iii) the difference between MoS,/Al,O; oxidized at 20°C and
reduced, and (iv) scan-to-scan variation shown by the difference between
consecutive scans of reduced MoS,/Al,O3 after calibrating the energy.
The arrow in (b) points to the Mo-O peak. (Transform parameters: k?
weighting, Ak = 2-15 A1)
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FIG. 9.

Molecular model of the local structure of (Co)MoS,/Al,O3.

two Co-S distances. The terminal Co-S bond was assumed
to have a distance of 2.26 A and the other coordination
parameters determined from the difference file with O, at
20°C. The remaining fit parameters for the bridging Co-
S bonds are given in Table 3. There is a good fit with 3.9
(bridging) Co-S at a distance of 2.18 A, in agreement with
the Ni-S distances previously observed for NiWS; catalysts.
Itis not possible to determine these Co-S distances directly
since the bond length difference isonly 0.08 A, and the large
DW factor attenuates the signal very quickly, restricting the
practical data range to less than that required to isolate the
two shells (Ak~20 A1).

Figure 9 gives the detailed structural model of the
(Co)MoS;/alumina catalyst. While the structural details
from O, chemisorption confirm that the structures of
(Co)MoS; and (Ni)WS, catalysts are similar, as has been
generally assumed, our study also provides additional infor-
mation about the reactivity of the Co-S bonds. At 20°C, the
terminal Co-S is highly reactive to O,, resulting in the loss
of a Co-S bond and the formation of a Co-O bond. The high
reactivity of the terminal Co-S bond is also consistent with
a recent study on the catalytic conversion of selenophene,
a Se analog of thiophene. During catalytic reaction at low
temperature, only the terminal Co-S bond was replaced by
Co-Se, while the bridging Co-S bonds were reactive only at
much higher temperature (15). Thus, the present study and
the study of the catalyst under catalytic conditions suggest
that the terminal Co-S bond is most reactive.

Inthe (Co)MoS,/alumina catalytic process, it is often pro-
posed that a S ion desorbs (or reacts with H,), generating
a coordinately unsaturated site followed by adsorption and
reaction (41-49). However, the oxygen chemisorption re-
sults suggest another possibility. The terminal Co-S bond
was stable to 350°C in H, but was rapidly lost at room
temperature upon exposure to O,. This indicates that, at
least for O,, the terminal Co-S is displaced by the adsorb-
ing molecule prior to desorption of S; i.e., a vacant sur-
face site is not required for reaction. A similar proposal

was recently suggested for MoS,/alumina (50). Previously,
EXAFS structural analysis under reaction conditions deter-
mined that the Mo-S and Co-S coordinations were nearly
identical under H, and thiophene/H,, leading to the con-
clusion that S vacancies are immediately replaced by the
reactant (15). The latter result could also mean that the re-
actant displaces the (terminal) Co-S , and prior desorption
is not required.

Finally, at 100°C with O, the Co coordination geometry
increases from five (five Co-S bonds) to six (four bridging
Co-S and two terminal Co-O). These results suggest that
the five-coordinate Co is already coordinately unsaturated
in the sulfided catalyst. They are also consistent with previ-
ous results where N¢o—s of (Co)MoS,/alumina was six when
sulfided at 300°C, but decreased to five when reduced under
H, at the same temperature (15). The latter results suggest
that during the catalytic cycle the one terminal Co-S bond
in six-coordinate Co is easily lost or displaced, leading to
adsorption of the reactant. It is possible that desulfuriza-
tion proceeds by loss of the second Co-S terminal bond
followed by reaction on the same Co atom. While the re-
action with O, is not a direct study of the HDS (in H,)
catalytic process, it does suggest alternative pathways for
adsorption and reaction at the Co atom.

The O, chemisorption results for Mo also demonstrate
that, although a large fraction of the Co is bonded to the
edge of the MoS; crystallites, Mo atoms are also exposed
to the reactants. For example, at 20°C only minor changes
occur to the structure of MoS, and the Co-S-Mo bridging
bonds. Nevertheless, there is evidence for chemisorption
of O, and formation of Mo-O bonds. Since the catalytic
activity of Co is higher than that of Mo (15, 51-53), de Beer
et al. have proposed that Co is the active site, and that MoS,
is required to provide the proper coordination geometry,
surface area, and stability (51). Oxygen chemisorption at
both the Co and Mo atoms leaves open the possibility that
Mo atoms participate in the catalytic cycle (41, 43, 47, 48).
However, further studies are required in order to define
which atom(s) constitutes the active site.

CONCLUSIONS

The results show that EXAFS analysis of difference spec-
tra is effective for measuring the small changes in catalyst
structure due to adsorbates or reactants. This method
is probably also applicable to most catalytic studies and
should be especially useful for in situ studies under reac-
tion conditions.

Analysis of the difference spectra for (Co)MoS; on alu-
mina with chemisorbed oxygen indicates that there is one
terminal Co-S bond, which is significantly longer (2.26 A)
than the four bridging Co-S bonds (2.18 A). In addition,
the terminal Co-S is reactive to O, at 20°C, being displaced
by the Co-O bond. By contrast, the bridging Co-S bonds
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are unreactive to O, at 100°C. Chemisorption of O, also
indicates that a portion of the Mo atoms at the edge of the
MoS; crystallites is exposed and may have a role in the
catalytic process. At 100°C, sulfur atoms are partially sub-
stituted by oxygen in MoS;, leading to partial disruption of
the particles; however, much of the MoS; structure remains
unchanged.
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