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The oxide and sulfide forms of commercially available CoMoly-AlzO, have been studied with 
Extended X-ray Absorption Fine Structure (EXAFS). Structural information was obtained for 
suhiding temperatures from 25 to 600°C. The oxygen coordination is somewhat uncertain for the 
oxide form of the catalyst, but values of 3 to 4 are indicated. Neither MOO, or or-CoMoO, are 
present. Very mild sulfiding conditions result in formation of MO-S coordination with no measur- 
able MO&, but at increasing sulfiding temperatures, MO& crystallites are formed, their size in- 
creasing at the higher temperatures. Crystallite sizes ca. 15 A are evident between 300 and 400°C. 
S/MO ratios of 2 are calculated from EXAFS, considerably lower than implied by total sulfur 
uptake, with a value of 3, and MO-S coordination numbers no greater than 4 are observed. 

INTRODUCTION 

The CoMoly-A&O3 catalyst system has 
been studied by a variety of techniques and 
by many researchers in attempts to deter- 
mine the structural features of the system 
and to relate these features to catalytic per- 
formance. Little is known concerning the 
local structure of the MO or Co on real in- 
dustrial catalysts and less is known about 
how this structure changes with prepara- 
tion method. One reason for this is the diffi- 
culty in obtaining useful structural informa- 
tion from X-ray diffraction. Due to the high 
dispersion of the metals on the alumina sup- 
port very weak X-ray lines are usually ob- 
served, which are not easily deconvoluted 
from the diffraction patterns of the alumina. 

The evidence for the structure of these 
catalysts has been reviewed by Massoth 
(I), Ratnasamy and Sivasanker (2), 
Furimsky (3), and Topsoe (8). Pollack et 
al. (4) have observed the presence of MO& 
crystallites on some sulfide catalysts and 
made estimates of crystallite sizes from line 
broadening. An EXAFS study of NiMoly- 
A1203 by Kohatsu et al. (5) has reportedly 
measured a coordination of 6 sulfur atoms 

around molybdenum on the sulfide catalyst. 
More recent studies by Clausen ef uf. (6, 7) 
and by Topsoe et al. (8) claim that molyb- 
denum is fully sulfided at 400°C and also at 
milder sulfiding conditions. Mossbauer 
results suggest that a CO-MO-S phase may 
be present on the alumina surface, though 
no direct evidence of such a phase is 
present in the EXAFS work. 

It is remarkable that a catalyst with such 
large metal loading (typically 1520% by 
weight based on oxides) appears to develop 
so little crystallinity. As a result the struc- 
ture of the active commercial catalyst has 
been, over the years, open to a great deal of 
speculation with little experimental corrob- 
oration. Without the long range ordering 
which gives rise to X-ray diffraction one 
would expect that any question relating to 
the molecular mechanisms cannot be an- 
swered without some understanding of the 
local geometry and coordinations of the 
catalytically active metals. This kind of sit- 
uation, i.e., high metal loadings with low 
degrees of long range order make the sys- 
tem an ideal one for study by Extended X- 
ray Absorption Fine Structure (EXAFS). 
EXAFS probes the local order without re- 
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course to the existence of long range order 
and the high loadings mean that there will 
be minimal interference from the alumina 
substrate. 

TABLE 1 

Typical properties American Cyanamid Aero 
HDS-2A (1) 

One of the difficulties in doing EXAFS 
on molybdenum has been that most avail- 
able X-ray sources, even synchrotron 
sources, decrease seriously in intensity at 
the K absorption edge of MO (20 keV) and 
above. With the advent of the Cornell High 
Energy Synchrotron Source (CHESS) 
which has very large intensities above 20 
keV, it has been possible to conduct EX- 
AFS studies very efficiently in order to de- 
termine molybdenum local coordination 
and structure using EXAFS above the K 
edge. 

Composition (wt%) 
Cobalt (COO) 
Molybdenum (MoOJ 
NazO 
Fe 
Loss on ignition 

Physical properties 
Apparent bulk density (g/cm3) 
Average diameter (mm) 
Average length (mm) 
Pore volume (cm3/g) 
Surface area (m*/g) 

3.2 
15.4 
0.03 
0.03 
1.2 

0.53 
1.6 
4.6 
0.75 
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In this study the reduced, sulfided, and 
oxide catalysts were examined. Isothermal 
sulfiding runs were made at temperatures 
ranging from 25 to 600°C and structural 
measurements subsequently conducted. 
Evidence of high dispersion was found in 
both the oxide and sulfide forms of the cata- 
lyst. Marked structural changes were ob- 
served upon sulfiding the catalyst. An ap- 
parent smooth transition from isolated 
MO-S units to small MO& crystallites was 
observed as sulfiding temperatures were in- 
creased. 

EXPERIMENTAL METHOD 

apparent from work by Massoth and Chung 
(1, 20-22) that this procedure, similar to 
that used by de Beers et al. (13) would 
leave a significant quantity of “nonstoi- 
chiometric” sulfur adsorbed on the catalyst 
at low temperature. This seemed to be an 
advantage in examining local structure at 
low sulfiding temperatures where the level 
of sulfided molybdenum was expected to be 
small. Temperature treatments were made 
spanning the range from 25 to 600°C with 
the expectation of increasing sulfur content 
with higher temperature. One sample was 
prereduced with H2 at 400°C for 2 h prior to 
sulfiding at 400°C for comparison. A re- 
duced but not sulfided specimen was also 
prepared. 

For this investigation a commercially EXAFS spectra were measured for all 
available CoMoly-AlzOj catalyst was used. prepared catalysts as well as for appropri- 
The specifications for this catalyst, Ameri- ate model compounds. All EXAFS mea- 
can Cyanamid HDS-2A, are given in Table surements were in transmission mode. The 
1 (9). All catalyst sulfiding and reducing sulfided and reduced catalysts were pro- 
were carried out in a rotating quartz reactor tected from air through use of a glovebag 
tube enclosed in a tube furnace. Hydrogen, and nitrogen purges. Recent measurements 
nitrogen, or a 9: 1 mixture of H2 and H2S have been made in situ in a specially de- 
was metered through the reactor at approx- signed reactor with results in good agree- 
imately 30 cm3/min. ment with those described above (14). 

Sulfiding was accomplished by exposing 
a l-g sample to a nitrogen purge and then to 
the H2/H2S mixture at the selected tempera- 
ture for 4 h. The reactor was cooled to 
room temperature under H2/H2S flow and 
then purged with nitrogen for 15 min. It was 

Model compounds included K2Mo04, 
NazMoOd. 2H20, MO%, a-CoMo04, 
Mo03, MO metal foil, and Ba&aMoO+ All 
measurements were taken at CHESS using 
a channel-cut Si (220) monochrometer. This 
monochrometer, combined with the unique 
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high energy characteristics of CHESS 
made possible extremely high quality spec- 
tra above the MO K absorption edge (20 
keV). 

Phase purity of all model compounds was 
verified by Debye-Scherer and/or diffrac- 
tometer XRD. Pure a-CoMo04 was ob- 
tained from commercial mixtures of (Y (ol- 
ive green) and metastable /3 (violet) by a 
combination of shock cooling and physical 
grinding (15, 16). 

EXAFS analysis technique. The EXAFS 
analysis follows that described by Lee et al. 
(17) with minor modifications. A single 
scattering model for the interference in the 
absorption coefficient may be written as 

x(k) = 7 = -7 -$ 
J 

&k,r))sin[2k& + 6,(k)] 

. exp(-2aj2k2) exp(-2RjlAj) (1) 

where &(k,r)l is the backscattering ampli- 
tude, exp(-2aj’k*) is a Debye-Waller cor- 
rection factor with (T the root mean square 
displacement of the scattering center, 
exp(-2RjlXj) is the inelastic scattering 10~s 

term with A representing the inelastic mean 
free path, sin[2kRj + 6,(k)] is the sinusoidal 
interference function with 6(k) as the scat- 
tering phase shift. 

The EXAFS transmission spectra were 
collected as Z/Z0 vs E, incident energy. This 
was converted to lx vs EC, 

px = -In(Z/Zo) (2) 

The selection of the precise threshold en- 
ergy E. is difficult since there is significant 
structure in the near-edge region. This 
structure will be discussed in detail for the 
catalyst in a subsequent paper. In this study 
E,, was set at the energy where the absorp- 
tion coefficient is equal to one-half the edge 
amplitude. The E. adjustment criteria de- 
scribed by Lee, et al. (17) was used to com- 
pensate for any error introduced by our ar- 
bitrary initial E. selection, and thus to 
obtain frequency purity in Fourier-filtered 
features of the interference function. 

Once the initial E. was specified the data 
were converted into electron momentum 
(k): 

k = 2m(E - Eo)“* 
h* (3) 

The smoothly varying background Q.Qx) 
was then removed by use of a polynomial 
spline, least squares fit to the data. At this 
point the data was multiplied by a k’ weight- 
ing factor to compensate for the Ilk in Eq. 
(1) and for the roughly l/k* behavior of 
f)(k,n)j at large values of k. The desired in- 
terference function x(k) . k3 = (Ap/po)k3 was 
obtained by normalizing (,UX - pox) * k3 with 
respect to PG. Data sets were generally an- 
alyzed over a range of k = 4-16 A-‘. 

The interference functions x(k). k3 vs k 
were Fourier-transformed to provide a 
qualitative picture of the structural data. 
The resultant radial structure function is, of 
course, not a true radial distribution func- 
tion due to the scattering phase shifts which 
are convoluted with the phase shifts result- 
ing from interatom propagation. These 
phase shifts cause the peaks to be shifted 
approximately 0.4 A from their correct dis- 
tances. The amplitudes of peaks in the ra- 
dial structure function are related to their 
coordination number, but are also affected 
by relative backscattering amplitudes and 
inelastic losses. The radial structure func- 
tion has been found, however, to be a use- 
ful tool for “fingerprinting” the structure of 
the catalysts. For more precise coordina- 
tion and distance determinations more 
complete analysis is required. 

By use of Fourier filtering a single set of 
near neighbors may be isolated from the 
EXAFS interference function if the peak in 
the radial structure function is fully re- 
solved. The phase and amplitude functions 
may then be obtained by inverting the 
transform of the filtered features. The em- 
pirical phase and amplitude functions from 
known model compounds may be applied 
to near neighbors of unknown distances 
with the same absorber-scatterer pair by 
assuming transferability of phase shift and 
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amplitude. Much work has been done to 
verify the validity of these assumptions 
(27-20) with the result that distance calcu- 
lations may readily be made with an accu- 
racy of 3~0.02 A. Equivalent success may 
be obtained by use of ab initio calculated 
phase shift functions. Amplitude transfer- 
ability is more difficult and less accurate, 
especially in disordered systems such as 
that expected on disperse catalysts. Coor- 
dination numbers of ?20% can be expected 
in systems with little disorder. 

It is relevant to discuss briefly three phe- 
nomena that contribute to the difficulty in 
calculating accurate coordination numbers. 
For a more thorough discussion refer to 
Eisenberger et al. (17, 21, 22). The first 
phenomena is thermal disorder due to nor- 
mal thermal vibration in the lattice. In Eq. 
(1) this can be accounted for with the De- 
bye-Waller term exp(-202k2). A second 
kind of disorder that may be present espe- 
cially on a disperse catalyst such as CoMo/ 
r-A1203 is configurational disorder. Config- 
urational disorder may be described as local 
disorder due to numerous different local 
atomic environments which are phase-aver- 
aged in the EXAFS. If the geometric disor- 
der has a Gaussian distribution it is in- 
distinguishable from the Debye-Wailer 
correction unless data are obtained as a 
function of temperature. When non-Gaus- 
sian disorder occurs, the true coordination 
number is at best difficult to obtain. The 
peak in the Fourier transform may be 
broadened, but neither the peak height nor 
area will be directly proportional to the true 
coordination number. Much of the impor- 
tant amplitude information is present in the 
low k portion of the interference function 
which is, of course, lost due to absorption 
edge structure which is unavoidably convo- 
luted with the EXAFS interferences. A 
third phenomena affecting calculation of 
the coordination is the occurrence of multi- 
ple metal-ligand distances in the first shell 
of near neighbors. This may occur in fully 
crystalline materials and is not a form of 
disorder. Nevertheless if the different li- 

gand distances are too similar to produce 
separately resolved peaks, a complex inter- 
ference function results along with peak 
broadening in the radial structure function. 
In principle the correct individual distances 
and coordination numbers could be ex- 
tracted by modeling with sufficient degrees 
of freedom. Unfortunately it is often true 
that such modeling does not yield a unique 
fit to the observed interference function. 
An example of this type will be discussed 
later where it occurs in Mo03, a model 
compound used in this study. 

The real difficulty in determining the co- 
ordination in a truly unknown system 
where disorder is suspected lies in recog- 
nizing which of these effects may be re- 
sponsible for reducing the apparent coordi- 
nation number. Thermal vibrations can be 
minimized by cooling specimens, but con- 
figurational disorder and multiple first-shell 
ligand distances cannot be removed. It 
should be apparent that the use of a Debye- 
Waller correction in systems such as these 
may markedly increase error if the latter 
two effects, which are seldom Gaussian, 
are also present. 

In this study the nearest-neighbor back- 
scattering in model compounds with the ab- 
sorber-scatterer pairs MO-O, MO-S, Mo- 
MO were used to calculate the distance and 
coordination numbers for the oxide, re- 
duced, and sulfided CoMoly-A1203 catalyst. 
The & adjustment criteria described by Lee 
et al. (27) was utilized on single fully re- 
solved coordination shells from the cata- 
lysts. & was varied to force the phase dif- 
ference between the model and unknown 
phases to pass through the origin, that is 
+rn - 4u = 0 at k = 0. A nonlinear least 
squares curve-fitting approach was used to 
vary R, N, and (T (Debye-Waller factor), 
with all curve fitting done in k-space. When 
single shells could not be resolved, doublets 
were Fourier-filtered and curve-fitted in k- 
space using variables R, N, cr, and EO. Of 
course, in these cases the criteria for E. ad- 
justment described above could not be 
used. In general, however, very good 
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agreement was obtained between R and AE, 
for the two procedures for adjusting E,,. 

TABLE 2 

Interatomic Distances for Selected Model 

RESULTS 
Compounds 

Model Compounds Atom pair 

Spectra were measured at the MO K ab- 
sorption edge (20.002 keV) for the model 
compounds Na2Mo04 * 2H20, K2Mo04, CY- 
CoMo04, Mo03, MO&, Ba2CaMo06, and 
MO metal foil. The Fourier transform for 
NazMoOd. 2H20 is presented in Fig. 1. This 
radial structure function shows the Fourier 
transform magnitude in arbitrary units plot- 
ted against the distance in Angstroms from 
the central MO atom. A large peak centered 
at about 1.4 A represents the four nearest 
oxygen neighbors at 1.76 A (23-25) which 
make up the first shell of MO neighbors. 
The second shell of neighbors is only barely 
observable above the noise due to the low 
backscattering of Na and Hz0 and the rela- 
tively large distance between MO atoms. 

MoOz (18) MO-O 

MO-MO 

a-CoMo04 (7, 8) MO-O (Type 1) 

MO-O (Type 2) 

The interatomic distances for Mo03, (Y- 
CoMo04, and MO& are included in Table 2 
(26, 1.5, 27). Moo3 is frequently mentioned 
as one possible chemical form of MO for the 
catalyst in oxide form. The radial structure 
function for Moo3 is presented in Fig. 2. 
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FIG. 1. Fourier transform for Na2MoOl. 2Hz0. FIG. 2. Fourier transform for MOO,. 
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The first peak represents the first set of ox- 
ygen neighbors which include five different 
MO-O distances ranging from 1.67 to 2.34 
A. The MO atom is situated in a distorted 
octahedron in Mo03, as frequently occurs 
in MO compounds. A large peak centered 
about 3.1 A represents the second shell of 
neighbors including six MO atoms at dis- 
tances ranging from 3.39 to 3.92 A. The 
height of the first peak (Mo-0 six-coordi- 
nated) is only 280 as compared to the 350 
for the four-coordinated MO-O peak in Na2 
Moo4 * 2H20 (Fig. 1). The reduction in this 
height is caused by the interference among 
the several different MO-O distances which 
are too similar to be resolved in the scatter- 
ing. Calculation of a MO-O coordination 
number by area yields a value of 2.6, which 
is clearly in error. Since the distribution of 
first-shell distances is not Gaussian, the 
correct coordination number cannot be ob- 
tained by use of a superficial Debye-Waller 
correction. Use of an empirical amplitude 
function-in this case from Na2Mo04 * 
2H20 as a model compound-to calcu- 
late the coordination of Moo3 is not 
possible without a modeling approach al- 
lowing sufficient degrees of freedom to in- 
clude all the different distances in the first 
shell. Such an approach seldom produces a 
unique structure for such a complicated 
material and it was not attempted. Similar 
uncertainties in the coordination number 
may also be anticipated for the oxide cata- 
lyst if MO on the surface is coordinated in a 
manner similar to that in bulk Mo03. Coor- 
dination calculations using a single average 
distance in the least squares fit are included 
in Table 4. Without Debye-Waller correc- 
tion, a calculated value of 2.5 is obtained 
whereas the correct oxygen coordination is 
known to be 6. If the Debye-Waller correc- 
tion is made, a calculated coordination of 
1.1 is obtained, demonstrating that simple 
Debye-Waller corrections are not valid in 
this case, and suggesting that applying such 
corrections to systems with non-Gaussian 
disorder can increase the errors in the ap- 
parent coordination number. Angle-re- 

solved EXAFS studies on single crystal 
Moo3 have been made in order to under- 
stand better how to interpret EXAFS of 
such systems and to obtain more reliable 
information about local structure. These 
studies will be reported elsewhere (28). 

a-CoMo04 has a complex atomic struc- 
ture with several different MO-O distances 
in the first shell (see Table 2). Fortunately, 
however, only three different MO-O dis- 
tances are sufficiently different to be impor- 
tant to EXAFS. The three MO-O distances 
are 1.72 + 0.01, 1.93 + 0.04, and 2.32 ? 
0.01 A. All three are separately resolved in 
the EXAFS spectrum as is apparent in Fig. 
3. The doublet at 3.0 A includes numerous 
MO-MO and MO-CO distances which are a 
result of the distorted octahedral coordina- 
tion of cr-CoMoO+ 

MO& is of particular interest in this study 
because of evidence that suggests it may be 
present on the surface of the active sulfided 
catalyst. Figure 4 presents the radial struc- 
ture function for MO&. A number of impor- 
tant features should be noted. The peak at 
2.0 A represents the six sulfur neighbors at 
2.41 A. The large peak at 2.8 A is caused by 
the six MO neighbors at 3.16 A which make 

400 

1 

f 
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FIG. 3. Fourier transform for (Y-CoMo04. 
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FIG. 4. Fourier transform for MO&. 

up the first MO-MO shell. A small peak at 
3.5 A represents the second MO-S shell in 
the basal plane of MO&. The reduced mag- 
nitude of this peak relative to the first MO-S 
shell is a result of the reduced solid angle of 
outgoing electron flux that is intercepted as 
well as inelastic losses. The second shell of 
six MO-MO neighbors at 5.46 A results in a 
peak at about 5.2 A and the third shell of six 
MO-MO neighbors at 6.32 results in a peak 
at about 6.0 A. 

The 6.32-A third MO-MO shell is interest- 
ing because of its large amplitude relative to 
that of the 5.46-A shell. A single scattering 
model suggests the outer shell should have 
25% lower magnitude than the second Mo- 
MO shell. Consideration of inelastic losses 
would lower this relative value even more. 
Electron scattering from transition metals, 
however, is strongly peaked in the forward 
direction at these energies. In MO& the 
third MO-MO shell is directly aligned with 
the 3.16-A first MO-MO shell. This align- 
ment allows the forward-scattered electron 
flux from the first MO-MO shell to combine 
with the primary flux in a “focusing” effect 
which results in an anomalously high mag- 
nitude for the third MO-MO shell. Similar 

multiple scattering effects have been dis- 
cussed with respect to copper (29, 30). This 
multiple scattering effect is caused by the 
unique alignment of MO atoms in MoS2 and 
thus provides a feature which is indicative 
of crystalline MO& on the catalyst. 

Three kinds of tests were made of the 
phase transferability assumption. The first 
test involved using phase and amplitude 
functions described by Cramer et al. (19) to 
calculate the distances in several model 
compounds and then comparing these dis- 
tances to the known interatomic distances. 
The results of this study are presented in 
Table 3a. For each “unknown” atom pair 
examined the calculated interatomic dis- 
tance R,,,, is compared to the actual dis- 
tance R,,, which is known from XRD. The 
error between actual and calculated dis- 
tances is also presented. The agreement be- 
tween calculated and actual distances is 
generally within 0.02 A. As a second test of 
phase transferability, tabulated phase func- 
tions by Teo and Lee (31) were used to 
obtain Rcalc for all model compounds. In all 
cases agreement was within 0.02 A. 

The third method used to test phase 
transferability utilized the MO-O functions 
obtained from K2Mo04 (32) to calculate the 
MO-O distances in a-CoMo04 and Naz 
Mo04. 2H20. The Mo-MO first and sec- 
ond shells in MO metal were used to calcu- 
late other MO-MO distances in MO metal 
and in MO&. The first MO-S distance in 
MO& was used to calculate the second Mo- 
S distance in MO&. These results are also 

TABLE 3a 

Interatomic Distance Comparisons 

Bond Model Unknown R,,, &I‘ Error 

(.b (A) (A) 

MO-O Cramer (I I) KzMo04 1.76 1.73 0.03 
MO-O Cramer (1 I) Na>MoOd. 2HzO I.76 1.74 0.02 
MO-S Cramer (I I) MO& 2.41 2.42 0.01 
MO-S Cramer (I I) MO.52 3.98 3.98 0.00 
MO-MO Cramer (1 I) M0S: 3.16 3.17 0.01 

MO-MO Cramer (I I) MO 2.73 2.71 0.02 
MO-MO Cramer (I 1) MO 3.15 3.16 0.01 
MO-MO Cramer (II) MO 4.45 4.45 0.00 



PARHAM AND MERRILL 

TABLE 3b 

Interatomic Distance Comparisons 

Bond Model Unknown R 
(5 

R talc Error 
(4 (-4 

MO-O K2M004 Na2Mo04. 2H20 1.76 1.77 0.01 
MO-O Na2Mo04. 2H20 (YCOMOO~ 1.73 f  0.01 1.72” 0.01 
MO-O NazMo04. 2Hz0 aCoMo04 1.93 * 0.04 1.91” 0.02 
MO-O Na*MoO, . 2HZ0 aCoMoO4 2.32 k 0.01 2.35” 0.03 
MO-S MO& (2.41) MoSz (3.98) 3.98 3.99 0.01 
MO-MO MO (3.15) MO& 3.16 3.15 0.01 
MO-MO MO (2.73) MO (3.15) 3.15 3.18 0.03 
MO-MO MO (2.73) MO (4.45) 4.45 4.46 0.01 

a Two shell curve fit due to incomplete resolution. 

presented in Table 4. Agreement is gener- 
ally within 0.02 A, with 0.03 A the largest 
error obtained. Consequently, for this work 
the phase shifts obtained from our own 
model compounds were used for all calcula- 
tions . 

Two tests were made of the accuracy of 
coordination numbers calculated with EX- 
AFS. The first test involved application of 

amplitude and phase functions from Cra- 
mer et al. (I9, 20) to model compounds 
measured in this study. The results are pre- 
sented in Table 4a. The average error with- 
out Debye-Waller correction was 17%, 
with a maximum error of 28%. With De- 
bye-Waller correction (NC in Table 4a) the 
average error was 7% and the maximum er- 
ror was 16%. The second test involved ap- 

TABLE 4a 

Coordination Comparison with Cramer et al. (19, 20) 

Distance Model Unknown N,,t N cak 

MO-O Cramer K2Mo04 4 3.7 
MO-O Cramer NazMo04. 2H20 4 3.1 
MO-S Cramer MO& 6 6.6 
MO-MO Cramer MO (2.73) 8 10.2 

Error 
(%I 

7 
22 
10 
28 

NUC,IC 

3.8 
3.8 
6.2 
9.3 

Error 
(%I 

5 
5 
3.3 

16 

TABLE 4b 

Coordination Calculations on Model Compounds 

Distance Model Unknown N,t N talc 

MO-O NaZMo04 . 2H20 KzMoOz, 4 3.4 
MO-MO MO (3.15) MO& 6 5.8 
MO-O Na2Mo04 . 2H20 MOO, 6 2.5 

Error 
m 

1.5 
3 

58 

NUdC 

3.7 
7.1 
1.1 

Error 
(%I 

1.5 
19 
82 
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plication of one measured model compound 
to another where this was possible. The 
amplitude functions from the MO-O first- 
coordination peak for Na,M,oO, * 2H20 was 
used to calculate the amplitude of the Mo- 
0 coordination in K2Mo04. The second 
MO-MO coordination peak in MO metal 
(3.15 A) was used to calculate the coordina- 
tion number for the MO-MO 3.16 A peak in 
MO&. The average error in this test was 9% 
without and 18% with Debye-Waller cor- 
rection. The maximum errors were 15% 
without and 19% with Debye-Waller cor- 
rection. Also included in Table 4b are the 
results from a single-shell calculation on 
MOO+ The very large error in this example 
illustrates the problems associated with fit- 
ting multiple unresolved distances as a sin- 
gle shell. In this case, a two-distance fit is 
also insufficient due to the five different 
MO-O distances in the Moo3 first shell. 

In both types of tests all calculated coor- 
dination numbers, with the exception of 
Mo03, were within ?30% of the correct 
value with most values better than +20%. 
Debye-Waller correction did not always in- 
crease the accuracy of the calculation. 

Oxide Catalysts 

Several oxide CoMoly-AllO3 catalysts 
were examined with EXAFS at the MO K 
absorption edge. These included catalysts 
obtained from American Cyanamid (HDS- 
2A), U.O.P., and Alpha Ventron. Also in- 
cluded was an American Cyanamid NiMo/ 
r-A&O, (HDS-3A). Only the results from 
the American Cyanamid HDS-2A are pre- 
sented here. In Fig. 5 a large peak at about 
1.4 A may be attributed to the MO-O coor- 
dination with a calculated distance of 1.73 
A. Recall that the peak position on the ra- 
dial structure function is downshifted from 
the true distance by about 0.4 A. A smaller 
peak appears at about 2.1 A which if attrib- 
uted ko MO-O would yield a bond length of 
2.40 A. All oxide catalysts examined exhib- 
ited similar characteristics. All had essen- 
tially the same first-peak magnitude and all 

FIG. 5. Fourier transform for oxide CoMoly-AlzO+ 

had some evidence of a second peak at 
about 2.40 A. The 2.4-A peak probably rep- 
resents longer MO-O bonds in the first MO 
coordination shell. However, the possibil- 
ity cannot be ruled out that this broad peak 
also contains contributions from short Mo- 
Al distances. A distance of 2.4 A is close to 
the MO-S distance in MO& but this peak 
was always present in catalyst samples that 
had never been exposed to sulfur in any 
form. 

None of the oxide catalysts examined 
show any evidence of a second shell of at- 
oms. The oxide catalyst in Fig. 5 can be 
compared to Moo3 in Fig. 2 or to CY- 
CoMo04 in Fig. 3, both of which have large 
peaks appearing at about 3. I A due to the 
MO-MO and MO-CO backscattering in their 
second shell of neighbors. The absence of 
the first-shell triplet rules out (Y-CoMo04 as 
the major surface species while the average 
MO-O bond length of 1.73 A is far too short 
to be caused by crystalline MOOR. The lack 
of a second shell suggests either a large de- 
gree of disorder or very small crystallites. 
However, the NazMoOd * 2H20 presented 
in Fig. 1 shows only a small second shell at 
about 3.2 A due to the low backscattering of 
Na, H, and 0 and the relatively long dis- 
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tance between MO atoms in the crystal. The 
possibility that MO on the oxide catalyst is 
incorporated into a crystalline compound 
with the alumina substrate cannot be ruled 
out on the basis of these EXAFS experi- 
ments. 

Most recent studies of this catalyst sys- 
tem suggests that MO is present as Mo(+6) 
and is four or six coordinated, depending 
on loading and preparation technique (I, 
2, 33-36). Coordination calculations based 
on the curve-fitting techniques described 
earlier yield MO-O coordination numbers 
somewhat lower than expected. The total 
MO-O coordination is calculated to be 
about four oxygens around the molybde- 
num. The first peak at 1.73 A contributes a 
coordination number of 2.5 and the second 
peak has a coordination number of about 
1.2. EXAFS measurements were studied at 
both 77 and 300°K with similar results for 
the coordination at both temperatures. It is 
probable that this calculated coordination 
number of less than 4 should not be taken 
seriously since there may be a considerable 
amount of non-Gaussian disorder and/or 
multiple-bond distances occurring in the 

I ,‘i I 

I I 1 I 
200 400 600 

Sulfiding Temperature (‘C) 

FIG. 6. S/MO ratio calculated from total sulfur con- 
tent (A) and S/MO calculated from EXAFS coordina- 
tion numbers (0) plotted vs sulfiding temperatures. 

first-coordination shell. Additional model- 
ing based on the results from angle-re- 
solved measurements on single crystals of 
model compounds and on XANES will be 
reported subsequently. 

An alternative interpretation has been 
suggested by Chiu and Bauer (37) based on 
area measurements. Their technique com- 
pares the area and peak broadening to 
model compounds with varying degrees of 
first-shell distortion. This approach has 
yielded coordination numbers between 4 
and 6. 

Suljide Catalysts 

Samples of American Cyanamid HDS-2A 
were sulfided at temperatures from 25 to 
600°C in 1 : 9 H2S : HZ. The sulfur content of 
these specimens was measured by a high 
temperature pyrolysis procedure by K. 
Heiden and R. Johnson of Universal Oil 
Products. 

It is necessary to assume a reaction path 
and thus a stoichiometry to calculate the S/ 
MO ratio from total sulfur measurements. 
No information was available on the degree 
of Co sulfiding, so a conservative assump- 
tion was made that all Co0 was sulfided 
entirely to CogSs at all temperatures. The 
reaction used for MO was 

Moo3 + 2HzS + S2 --f MO& + 3H20 

The calculated S/MO ratio vs sulfiding tem- 
perature is presented in Fig. 6. The values 
obtained are well in excess of the bulk 
MO& ratio of 2 for all sulfiding tempera- 
tures above 3OO”C, and are in reasonable 
agreement with similar measurements re- 
ported elsewhere (13) for the sulfiding pro- 
cedures used in this work. 

The radial structure functions for three of 
the seven sulfiding temperatures are pre- 
sented in Fig. 7-9. The structural changes 
in the catalyst with increasing sulfiding tem- 
perature are readily apparent in these fig- 
ures. Figure 7 presents a catalyst sulfided at 
100°C. Two major peaks are present. The 
first peak at about 1.4 A is the 1.73-A Mo- 
0 bond that was present on the oxide cata- 
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160 

CoMo/YAI,O, 

Sulflded 01 100°C 
320 

t 

C0Mo/?‘Al~03 
Sulfided at 3OO’C 

FIG. 7. Fourier transform for CoMoiy-Al?O, catalyst FIG. 8. Fourier transform for CoMoiy-A120j catalyst 
sulfided at 100°C for 4 h in 1: 9 H2S : HZ. sulfided at 300°C for 4 h in 1 : 9 H2S : Hz. 

lyst in Fig. 5. The second peak at about 1.8 that relative magnitudes of the MO-MO 
A may be attributed to a MO-S bond that peaks. The MO-MO peak on the sulfided 
was not present on the oxide catalyst. EX- catalyst is much smaller relative to the Mo- 
AFS provides an average radial structure S peak which implies either a lower coordi- 
function so it is not possible to determine if nation number or configurational disorder 
all MO atoms are surrounded by both oxy- in the second shell. Small crystallites (<30 
gen and sulfur atoms or if some are sur- A) of MO& on the catalyst surface would 
rounded by oxygen and some by sulfur. It is 
important to notice that no second shell is 
apparent in this figure, implying that the 
sulfur is not associated with a well-ordered 
MO& crystallite. 

A catalyst sulfided at 300°C is presented 
in Fig. 8. In this figure there are also two 
major peaks, but they are quite different 
from the 100°C sulfided catalyst. The first 
peak is at about 1.9 A and represents a Mo- 
S bond of 2.41 A. The MO-O peak that was 
present on the oxide catalyst is reduced in 
height and masked by the side of this MO-S 
peak. On this sulfide catalyst a discrete sec- 
ond-shell peak is present at about 2.9 A. 
Both the MO-S distance and the MO-MO 
distance on this 300°C sulfided catalyst are 
in agreement with the interatomic distances 
for crystalline MO&. This figure may be 
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compared to the radial structure function 
for MO& in Fig. 4. An obvious difference is 

FIG. 9. Fourier transform for CoMoiy-AlzO, catalyst 
sulfided at 500°C for 4 h in 1 : 9 HZS : Hz. 
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readily explain this effect, as would a chain- 
like structure. Figure 9 presents the radial 
structure function for a catalyst specimen 
sulfided at 500°C. The structure of this cata- 
lyst is similar to the 300°C sulfided catalyst 
except the magnitudes of both the MO-S 
peak at about 1.9 A (2.41 A actual) and the 
MO-MO peak at about 2.9 A (3.16 A actual) 
are increased. 

Quantitative coordination number and 
distance calculations were made using 
MoS2 for the model compound for the Mo- 
S and MO-MO distances. The calculated 
values are included in Table 5. The coordi- 
nations were calculated both with and with- 
out Debye-Waller correction. As has been 
mentioned above, Debye-Waller correction 
may be inappropriate if non-Gaussian dis- 
order is present. 

The uncorrected coordination values for 
MO-S and MO-MO vs sulfiding temperature 
are presented in Fig. 10. When sulfiding 
was done at 25°C essentially no sulfur was 
coordinated with MO even though the 
chemical analysis shows a S/MO ratio of 1. 
It can be seen from Fig. 10 that the average 
sulfur coordination increased rather lin- 
early as the sulfiding temperature was in- 
creased. Neither the MO-S nor the MO-MO 
coordination numbers reached the bulk val- 
ues of 6. 

In Fig. 9, the 500°C sulfided catalyst, no 
evidence is seen for either the 3.98-A MO-S 
or the 5.46- and 6.32-A MO-MO peaks that 

TABLE 5 

MO-S and MO-MO Coordination Number 
Calculations 

Sulfiding 
temperature 

(“Cl 

25 
100 
200 
300 
400 
500 
600 

MO-S MO-MO 

N NC N NV 

0.2 0.2 
0.6 0.5 - - 

0.9 1.0 0.2 0.6 
2.2 2.9 0.9 1.6 
2.4 2.7 1.3 1.7 
3.7 4.6 1.9 3.1 
3.8 3.2 2.6 3.8 

3 
Sulfiding Temperature (“Cl 

FIG. 10. Coordination numbers calculated from EX- 
AFS for sulfided CoMoly-A&O3 catalysts. MO-S (A) 
and MO-MO (m) plotted vs sulfiding temperature. 

are observed in crystalline MO&. On the 
600°C sulfided catalyst the multiple-scat- 
tered 6.32-A shell is barely observable. Re- 
cent studies done in situ with measure- 
ments at 77°K provide more substantial 
evidence that the MO is indeed small crys- 
tallites of MO&. Exceptionally good quality 
spectra were obtained to 17.8 A-’ in k- 
space, providing excellent resolution. The 
interference function and radial structure 
function for a catalyst sulfided in situ at 
400°C is compared to a similar spectra of 
MO& in Fig. 11. The second MO-S shell is 
apparent as are both the second and third 
MO-MO shells at 5.46 and 6.32 A. Crystal- 
line MO& has been reported earlier on high 
temperature sulfided catalysts by Pollack et 
al. (4) who reported crystallite sizes on the 
order of 90-140 A in the basal plane. 

Various workers have commented on the 
sensitivity of the catalyst to air contact. 
Two of the sulfided catalysts (250 and 400°C 
sulfiding) were exposed to air and then their 
EXAFS spectra were measured. No change 
was observed in the catalyst structure dur- 
ing the first 30 min of air exposure at 25°C. 
Thus the glovebag handling procedures 
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FIG. 11. Interference functions and radial structure functions for MO& and CoMoi-y-A&O, catalyst 
sulfided in situ at 400°C. Both spectra were measured at 77°K and were transformed over the range k = 
3.7-17.7 k’. The 6.32-A multiple-scattered MO-MO peak is observed on the sulfided catalyst. 

used here seem to be adequate. Both speci- 
mens showed about a 20% reduction in 
MO-S coordination after overnight expo- 
sure to room temperature air. Some in- 
crease in the MO-O coordination was obvi- 
ous, whereas little change was observed in 
the MO-MO peak at 3.16 A, suggesting an 
isomorphic substitution into the MO&like 
structure. 

Two specimens were prepared to test for 
observable structure modifications due to 
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duction of the catalyst prior to sulfiding. L 
Figure 12 shows the Fourier transform for a MC-MO 
specimen reduced in hydrogen at 400°C for 
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2 h. A slight reduction of the MO-O peak 
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height was accompanied by the appearance 
of a peak at 2.4 A which represents the first 

20 - 

MO-MO distance for crystalline BCC MO ‘0 I 2 3 4 5 6 

(2.73 A). While most of the MO on the cata- Distance td) 

lyst surface was not reduced, some was ap- 
parently reduced to metallic MO. Note that 

FIG. 12. Fourier transform for COMO/-~&O~ cata- 
lyst reduced at 400°C for 4 h in Hz. 
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only the portion of MO with adjacent MO 
neighbors will contribute to this 2.73-A 
peak and thus be observed in the EXAFS 
spectra, implying migration and aggrega- 
tion of MO atoms to form at least MO dimers 
with separations close to those in bulk MO 
metal. The magnitude of the 2.73-A Mo- 
MO peak is very small compared to that in 
bulk MO metal implying that only a small 
portion of MO was reduced to zero valent 
MO. 

A sample of oxide catalyst was prere- 
duced for 2 h at 400°C in hydrogen and then 
sulfided at 400°C for 4 h. No significant 
structural difference of this material com- 
pared to that sulfided in the usual manner at 
400°C was detectable with our EXAFS 
measurement. No significant change in to- 
tal measured sulfur was observable. 

DISCUSSION AND CONCLUSIONS 

The EXAFS measurements yield a calcu- 
lated MO-O coordination on oxide CoMo/ 
y-A1203 of approximately 3-4. Other tech- 
niques have suggested values between 4 
and 6. Though disorder could account for 
the low values we are continuing our work 
on the oxide form of the catalyst. A subse- 
quent paper will report that work in detail. 
The absence of a second-coordination shell 
peak for the oxide catalysts examined indi- 
cates that the oxide is well dispersed. This 
study demonstrates clearly that the MO is 
present as neither Moo3 or a-CoMo04 in 
their crystalline forms. Kohatsu et al. (5) 
reported a coordination number of 4 at 1.73 
A and 2 at 2.35 A. Our results qualitatively 
agree in that a large MO-O peak was ob- 
served at 1.73 A and a small peak that may 
be attributed to a MO-O distance of 2.40 A. 
However, we were unable to find any quan- 
titative support for a coordination number 
of 4 in the first MO-O distance. Data pre- 
sented by Top!oe show only the large peak 
at about 1.73 A (6). 

These results all suggest that the molyb- 
denum on the oxide catalyst is present in a 
well-dispersed oxide phase with the oxide 
ligands in an unsymmetrical coordination. 

The apparent average of the several MO-O 
distances is significantly smaller than that in 
Mo03, in fact within 0.03 A of the tetrahe- 
dral molybdate. This should not be con- 
strued to mean that tetrahedral molybdates 
are the dominant surface species, only that 
the average of the oxide ligands is at 1.73 A. 

Catalysts sulfided at 100°C and below do 
not form MO&. Rather a MO-S distance is 
observed that appears to be somewhat 
longer (2.47 A) than in bulk MO& (2.41 A). 
This longer MO-S bond suggests that sulfid- 
ing may initially involve formation of Mo- 
S-H or polysulfide moieties. No MO-MO 
shell is observed under such mild sulfiding 
conditions. These results suggest that initial 
sulfur uptake might involve substitution of 
MO-S-H for terminal oxygens with little 
structural effect on the disperse oxide 
catalyst. At higher sulfiding temperatures 
(200°C and above) MO-MO scatterings are 
observed in the EXAFS, implying sufficient 
structural rearrangements have occurred to 
form small MoS2 crystallites. The size of 
the crystallites increases with increased 
sulfiding temperature. 

It is possible to estimate the amount of 
sulfur coordinated with MO from our EX- 
AFS results. To do so it was assumed that 
all sulfided MO atoms were six-coordinated 
with sulfur. This assumption obviously is 
less valid for lightly sulfided catalysts than 
for the high temperature sulfiding treat- 
ments where most of the MO is sulfided. 
The portion of MO that is sulfided, Xms, is 
then found from the observed MO-S coor- 
dination in the sulfided, X,,, is then found 
from the observed MO-S coordination in 
the EXAFS measurement (C,,). 

X,,,, = &,I6 (4) 

Within a MO& crystallite, the S/MO ratio is 
a simple function of the MO-MO coordina- 
tion. For an infinite crystal, S/MO is 2. For a 
“crystal” with only one MO atom, the S/ 
MO ratio is 6. It can be shown that 

S/MO = 6 - 213 C,, (5) 

This S/MO ratio must of course be cor- 
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rected since only X,, of the MO is involved A (the third MO-MO shell) confirms the 
in the MO& crystallites. Thus presence of bulk-like MO& 

S/MO = X&6 - 213 (C,,/X,,)) (6) 

S/MO = C,, - 213 C,, (7) 

This last relationship holds equally well if 
the sulfided MO is tied up in one large crys- 
tallite with internal defects or in many very 
small crystallites. 
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