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Sulfided Ni-S/C,  Ni -Mo-S/C,  and Ni-Mo-S/AI203 catalysts were prepared by pore volume 
impregnation with a solution containing nitrilotriacetic acid, which gives almost exclusively the 
N i -Mo -S  structure. The catalysts were studied by means of in situ EXAFS measurements at the 
Ni K-edge. The Ni in the carbon-supported Ni catalysts was present in a Ni3S2-1ike phase. In the 
alumina-supported and carbon-supported N i -Mo-S  catalysts no bulk Ni sulfide was detected up to 
a Ni/Mo ratio of about 0.5, and all Ni was present at the N i -Mo-S  structure, which is the active 
phase in hydrodesulfurization. In this structure the Ni atoms are situated in a square pyramid of 
five S atoms at 2.22 .A, and have Mo neighbors at 2.85 A. This indicates that the Ni atoms are 
situated on top of the S 4 squares at the MoS 2 edges in the Mo plane, in millerite-type Ni sites. A 
Ni-Ni  coordination at 3.2 A was observed at low Ni/Mo ratios, indicating that part of the Ni atoms 
are present at neighboring sites on the MoS2 edge. In order to examine the influence of the H2S 
partial pressure on the Ni structure, a Ni-Mo-S/A1203 catalyst was exposed to several flushing 
procedures after sulfidation. When the catalyst was flushed with a mixture of 2% H2S or less in H 2 , 
the Ni-S coordination number decreased, indicating that the Ni atoms become uncovered and are 
made available for catalysis. © 1992 Academic Press, Inc. 

INTRODUCTION 

Although cobalt-promoted and nickel- 
promoted molybdenum sulfide catalysts 
have been used for many years in the hydro- 
treatment of petroleum feedstocks, the 
structure of these catalysts is at present not 
fully solved. It is known that the molybde- 
num in these catalysts is present in the form 
of MoS 2 crystallites, but consensus has not 
been reached yet over the cobalt or nickel 
structure, although much work has been 
done on this subject (1-3). While the exact 
position of the Ni or Co promoter remains 
unclear, it will not be possible to gain a com- 
plete understanding of their promotional 
effect. 

In the past, several models have been pro- 
posed for the structural environment of the 
cobalt or nickel atoms. Lipsch and Schuit 
(4) and Schuit and Gates (5) suggested that 
in alumina-supported Co-Mo catalysts the 
MoO 3 monolayer, which is present after 
calcination, stays mainly intact and that dur- 
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ing sulfidation some of the terminal oxygen 
ions are replaced by sulfur ions. The Co 
was thought to be located in the alumina, 
stabilizing the Mo oxo-sulfo-monolayer. 
Another model was presented by Voor- 
hoeve and Stuiver (6). In this so-called inter- 
calation model the molybdenum is present 
in MoS2 crystallites, consisting of several 
MoS 2 slabs stacked on top of each other. 
The promoter atoms are situated in octahe- 
dral holes between the MoS2 slabs. Later 
this model was modified by Farragher and 
Cossee (7), who proposed that the promoter 
atoms were only intercalated at the edges of 
the MoS2 crystallite. Delmon and co-work- 
ers introduced a completely different model, 
the contact synergy model (8, 9). They ob- 
served that mixtures of bulk MoS2 and C09Ss 
exhibited a higher catalytic activity for hy- 
drodesulfurization than the individual bulk 
sulfides, and therefore they concluded that 
in Co-Mo catalysts the Co and Mo are pres- 
ent as separate C09S 8 and MoS 2 phases. Pro- 
motion is thought to take place by spillover 
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of hydrogen atoms created on Co9S 8, to 
MoS2, where the catalysis occurs. 

At present the most widely accepted 
model is that of TopsCe and co-workers 
(10-12). In this model the catalytically ac- 
tive phase consists of a single-slab MoS 2 
crystallite with cobalt or nickel atoms situ- 
ated at the edges, decorating the Mo atoms. 
This structure is referred to as the "Co-  
Mo-S"  or " N i - M o - S "  structure. Many 
different Co and Ni positions are possible, 
however, along the MoS 2 edges. M6ssbauer 
emission spectroscopy did not provide an 
answer as to where exactly the cobalt or 
nickel is located. Since no long-range order 
is present in these catalysts, techniques like 
XRD or electron diffraction cannot be used 
to answer this question. Since in extended 
X-ray absorption fine structure (EXAFS) 
spectroscopy only short range order is re- 
quired (13), EXAFS is in principle a suitable 
technique for solving the local structure of 
the promoter atom. It has been found, how- 
ever, that the Co-Mo-S or Ni-Mo-S struc- 
ture is not the only structure in which the Co 
or Ni promoter may be found in the catalyst. 
The promoter has been found to form a bulk 
sulfide at the surface of the support, and in 
addition to this it has been shown that the 
promoter atoms may take up tetrahedrally 
coordinated sites in an A1203 support (11). 
The influence of these additional Ni or Co 
species on the EXAFS of the catalysts intro- 
duces difficulties into the evaluation of the 
structure of the catalytically active Co- 
Mo-S or Ni-Mo-S structure. The problem 
of Ni or Co dissolving into the A1203 can be 
overcome by using carbon instead of alu- 
mina as a support, since the promoter atoms 
do not dissolve into carbon. Furthermore, 
it is possible to prepare catalysts in which 
no bulk sulfides are present by using the 
method published by van Veen et al. (14). 
Recently we have presented preliminary 
EXAFS studies of catalysts prepared ac- 
cording to this method and have shown that 
Ni was present on the edge ofMoS 2 particles 
in the Mo plane in a square pyramidal envi- 
ronment of sulfur atoms (15, 16). In this 

paper we give a full account of this work and 
extend it to several other Ni-Mo catalysts. 

EXPERIMENTAL 

Catalyst Preparation 

A series of carbon-supported Ni-Mo cat- 
alysts with varying Ni/Mo ratios was pre- 
pared. The support used was a Lonza high- 
surface-area graphite (HSAG-300), which 
had a specific surface area of 300 m2/g and 
a pore volume of 0.25 cm3/g. Before use 
this carbon was treated with concentrated 
HNO 3 to remove Fe and Ca impurities. In 
addition two catalysts were prepared on 
A1203 (Condea Chemie, 0.53 cm3/g, 233 
m2/g), which was used as received. All these 
carbon-supported and alumina-supported 
catalysts were prepared according to the 
method described by van Veen et al. (14), 
involving pore volume impregnation with a 
solution containing the appropriate amounts 
of NH4OH (Fluka p.a.), MoO 3 (Fluka p.a.), 
Ni(NO3) 2 • 6H20 (Fluka p.a.), and nitrilotri- 
acetic acid (NTA) (Merck p.a.). The molar 
ratio NTA/Mo was 1.1. After impregnation 
the catalysts were dried in air for 12 to 16 h 
at 120°C. The NTA-prepared catalysts will 
be denoted as Ni-Mo-S/C(x) and Ni -Mo-  
S/A1203(x), with x being the Ni/Mo atomic 
ratio. The Mo-S/C and Ni-S/C catalysts 
have been prepared according to the same 
preparation method, leaving out Ni(NO3)2 • 
6H20 or MOO3, respectively. 

Another series of Ni-Mo catalysts was 
prepared by pore volume impregnation of 
the Lonza HSAG-300 carbon support with 
a solution of (NH4)6Mo7024"4H20, drying 
for 12-16 h at 120°C, subsequent pore 
volume impregnation with a solution of 
Ni(NO3)2.6HRO, and finally drying for 
12-16 h at 120°C. These catalysts will be 
denoted as Ni-Mo/C(x). Compositions and 
notations of all catalysts are given in Table 
1. It should be noted that none of the cata- 
lysts underwent calcination. 

Catalytic Activity 

The catalytic activities of the Ni-Mo/C 
catalysts for thiophene hydrodesulfuriza- 
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TABLE 1 

Catalyst Composition and Notation 

Catalyst wt% wt% Ni/Mo Notation 
Mo Ni atomic 

ratio 

Ni-Mo/C 4.32 0.00 0.00 Mo-S/C 
NTA 4.28 0.26 0.10 Ni-Mo-S/C(0.10) 
prepared 4.37 0.80 0.30 Ni-Mo-S/C(0.30) 

4.11 1.21 0.48 Ni-Mo-S/C(0.48) 
4.38 2.07 0.77 Ni-Mo-S/C(0.77) 
4.40 3.39 1.25 Ni-Mo-S/C(l.25) 
0.00 1.48 ~c Ni-S/C 

Ni-Mo/AI203 6 .97 1.23 0.29 Ni-Mo-S/AI203(0.29) 
NTA 7.01 2.43 0.56 Ni-Mo-S/A1203(0.56) 
prepared 

Ni-Mo/C 4.41 0.26 0.10 Ni-Mo/C(0.10) 
classically 4.41 0.80 0.30 Ni-Mo/C(0.30~ 
prepared 4.41 1.21 0.45 Ni-Mo/C(0.45) 

4.42 2.08 0.77 Ni-Mo/C(0.77) 
4.40 3.39 1.25 Ni-Mo/C(I.25) 
0.00 1.45 ~ Ni/C 

tion were measured in a flow system incor- 
porating a microreactor at atmospheric 
pressure. Catalyst samples of ca. 500 mg 
were sulfided in a flow of 60 cm3/min of 10% 
H2S in H2 (Union Carbide, certified stan- 
dard), which was led through a molecular 
sieve trap to remove any traces of water. 
During sulfidation the temperature was 
raised at a rate of 5°C/rain to 400°C and then 
kept at this level for 2 h. Afterward a gas 
mixture consisting of 3% thiophene (Merck 
p.a.) in H2 was introduced into the reactor 
at a flow of 60 cm3/min. The hydrogen was 
led through a column filled with Pd/AI203 
catalyst, which converted any traces of oxy- 
gen to water and subsequently through a 
molecular sieve column. Reaction products 
were analyzed by on-line gas chromatogra- 
phy. The thiophene conversion at steady 
state (typically after 2 h reaction time) was 
used to calculate a rate constant kinds, as- 
suming first-order kinetics. 

EXAFS 

EXAFS spectra of all NTA-prepared cat- 
alysts were recorded at EXAFS station 9.2 
at the Synchrotron Radiation Source (SRS) 
in Daresbury, United Kingdom. Catalyst 
samples were pressed into self-supporting 

wafers and mounted in an in situ EXAFS 
cell (17). The thickness of the samples was 
such that the absorption ~x was 2.55, corre- 
sponding to an optimal signal to noise ratio. 
The samples were sulfided in a flow of 50 
cm3/min 10% HzS in H 2. During this sulfi- 
dation the temperature was increased at a 
rate of I0°C/min to 400°C and then main- 
tained at 400°C for 1 h. After this treatment, 
all catalysts but two were purged with He 
for 30 min at 400°C in order to remove all 
H2S and subsequently cooled to room tem- 
perature under flowing He. In order to study 
the effect of the HaS partial pressure two 
experiments with other pretreatments were 
carried out with the Ni-Mo-S/A1203(0.29) 
catalyst. Between the sulfidation with 10% 
H2S and the He purging, a different gas was 
led over the catalyst for 30 min. In one case 
this gas consisted of 2% H2S in H2, in the 
other case of pure H2. During all this time 
the temperature was kept at 400°C. After all 
pretreatments the EXAFS cell was cooled 
down and the X-ray absorption was mea- 
sured at liquid nitrogen temperature. 

In order to calculate phase shifts and 
backscattering amplitudes the EXAFS 
spectra of reference compounds were re- 
corded. The reference compounds were 
pressed into self-supporting wafers with an 
absorbance txx of 2.55. If necessary BN was 
added as a binder. For the Ni-Mo contribu- 
tion the NiMo coordination in ((C6Hs)4P) 2 
Ni(MoS4) 2 was used (18), and for the Ni-Ni 
contribution the Ni-Ni coordination in NiO 
was used (19). Finally, the Co-S coordina- 
tion of CoS 2 was used for the Ni-S contribu- 
tion (20). The use of a Co absorber instead 
of Ni is justified since Teo and Lee (21) 
showed that the phases of Co and Ni hardly 
differ. EXAFS spectra were recorded at liq- 
uid nitrogen temperature under a He atmo- 
sphere. 

RESULTS 

Catalytic Activity 

The catalytic activities of all carbon-sup- 
ported catalysts for thiophene HDS are pre- 
sented in Table 2. In Fig. 1, kaD s is plotted 
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TABLE 2 

Catalytic Activity for Thiophene 
Hydrodesulfurization 

TABLE 3 

Ranges in k- and R-Space Used in the Analysis of 
the EXAFS Spectra 

Catalyst k~Ds 
10-3 m 3 s-1 kg-1 

Mo-S/C 1.00 
Ni-Mo-S/C(0.10) 2.02 
Ni-Mo-S/C(0.30) 3.44 
Ni-Mo-S/C(0.48) 6.95 
Ni-Mo-S/C(0.77) 5.27 
Ni-Mo-S/C(1.25) 3.59 
Ni-S/C O.09 
Ni-Mo/C(0.10) 1.60 
Ni-Mo/C(0.30) 2.90 
Ni-Mo/C(0.45) 3.25 
Ni-Mo/C(0.77) 3.57 
Ni-Mo/C(1.25) 3.00 
Ni/C 0.20 

as a function of the Ni/Mo atomic ratio. It is 
clear that Ni enhances the catalytic activity 
and that the activity reaches a maximum at a 
Ni/Mo ratio of 0.5 for the catalysts prepared 
with NTA, after which it gradually de- 
creases. For the catalysts prepared without 
NTA the maximum in catalytic activity lies 
at a slightly higher Ni/Mo ratio. The activi- 
ties of the NTA-prepared catalysts are 
higher than those of the classically prepared 
catalysts and the Ni/C and Ni-S/C catalysts 
have a very low activity. 
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FIG. 1. First-order catalytic rate constants kHD s of 
the Ni-Mo-S/C and Ni-Mo/C catalysts. ( ) NTA- 
prepared catalysts. ( - - - )  Classically prepared cata- 
lysts. 

Catalyst Range in Range in 
k-space R-space 
(:~-b (A) 

Ni-Mo-S/A1203(0.29) 
Ni-Mo-S/C(0.10) 3.75-11.03 0.70-3.30 
Ni-Mo-S/C(0.30) 3.83-11.10 0.64-3.20 
Ni-Mo-S/C(0.48) 3.68-11.00 0.62-3.20 
Ni-Mo-S/C(0.77) 3.68-11.86 0.66-2.94 
Ni-Mo-S/C(1.25) 3.64-12.00 0.52-3.04 
Ni-S/C 3.20-11.50 0.55-3.58 
Ni-Mo-S/AI203(0.29) 3.64-10.84 0.66-3.24 
Ni-Mo-S/A1203(0.56) 3.64-10.84 0.74-3.16 

EXAFS 

The EXAFS functions of the NTA-pre- 
pared Ni-Mo and Ni catalysts were calcu- 
lated by subtracting a quadratic expansion 
from the raw data, followed by a cubic spline 
background removal. Normalization was 
performed by division by the apparent edge 
height, which is obtained by back extrapola- 
tion of the EXAFS region. The EXAFS 
spectra were analyzed in the same way as 
in Refs. (15) and (•6): High- and low-fre- 
quency noise, as well as higher shell contri- 
butions were removed by applying a Fourier 
transformation over as large a k-range as 
possible, while kmi n and kma x were chosen in 
nodes of the experimental EXAFS func- 
tions, to minimize cut-off effects. The re- 
sulting radial distribution functions were 
backtransformed in the R-range of interest. 
The k- and R-ranges used in these procedure 
are given in Table 3. The thus obtained k 1- 
and k3-weighted spectra were fitted in k- and 
R-space. The resulting structural parame- 
ters are presented in Table 4, while a com- 
parison between the experimental data and 
the fit of the Ni-Mo-S/C(0.30) catalyst is 
given in Fig. 2 as an illustrative example. 

In Table 5 and Fig. 3 the structural param- 
eters resulting from the fit of the EXAFS 
data of the Ni-S/C catalyst are given. It is 
seen that the Ni-S/C catalyst has a Ni-S 
contribution with an atomic distance of 
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TABLE 4 

Structural Parameters of the Ni-S, Ni-Ni, and Ni-Mo Coordinations for the Ni-Mo-S Catalysts 

Catalyst Ni-S coordination Ni-Mo coordination 

N a R b d w  Eo N ~ R ~ d w  E o 

A A 2 eV A A 2 eV 

Ni-Mo-S/C(0.10) 5.3 2.22 0.0014 - 3.0 1.5 2.86 0.0045 - 12.8 
Ni-Mo-S/C(0.30) 5.3 2.21 0.0024 - 4.1 1.3 2.86 0.0061 - 16.7 
Ni-Mo-S/C(0.48) 5.4 2.22 0.0016 -0.8 0.8 2.84 0.0016 - 13.7 
Ni-Mo-S/C(0.77) 4.9 2.23 0.0028 - 2.0 1.0 2.79 0.0071 - 8.1 
Ni-Mo-S/C(1.25) 4.9 2.23 0.0023 -0 .9  0.5 2.77 0.0051 -4 .0  
Ni-Mo-S/A1203(0.29) 5.6 2.22 0.0023 -2.8 0.8 2.85 0.0027 -8.0 
Ni-Mo-S/A1203(0.56) 5.2 2.24 0.0023 -2.1 1.0 2.82 0.0033 - 10.8 

Catalyst Ni-Ni coordination Ni-Ni coordination 

N c R b d w  Eo N c R a d w  E o 

A A 2 eV A A 2 eV 

Ni-Mo-S/C(0,10) . . . .  1.1 3 .23  -0.0017 4.0 
Ni-Mo-S/C(0.30) . . . .  0.6 3 .15  -0.0018 12.9 
Ni-Mo-S/C(0.48) . . . . . . . .  
Ni-Mo-S/C(0.77) 0.4 2.58 0.0007 - 9.4 Not analyzed 
Ni-Mo-S/C(1.25) 0.8 2 .56  0.0024 -8.1 Not analyzed 
Ni-Mo-S/A1203(0.29) . . . .  1.0 3.21 0.0002 9.8 
Ni-Mo-S/A1203(0.56) . . . . . . . .  

N o t e .  The coordination numbers have been corrected for the photoelectron meanfree path dependence (X = 
5 •). 

a Inaccuracy, 20%. 
b Inaccuracy, 2%. 
c Inaccuracy, 50%. 
d Inaccuracy, 5%. 

2.25 A,  as  wel l  as  a N i - N i  c o n t r i b u t i o n  wi th  
an a t o m i c  d i s t a n c e  o f  2.56 ,~. T w o  addi -  
t iona l  con t r i bu t i ons  a re  a N i - S  c o n t r i b u t i o n  
at  3.56 A and  a N i - N i  c o n t r i b u t i o n  at  
3.72 A.  C o n c e r n i n g  t h e s e  las t  two  con t r ibu -  
t ions  it shou ld  be  n o t e d  tha t  the  i n a c c u r a c y  
in the  s t ruc tu ra l  p a r a m e t e r s  is r a the r  large .  
This  a r i ses  b e c a u s e ,  first,  the i r  E X A F S  
func t ions  in te r fe re  wi th  no i se  and,  s econd ,  
the  a tomic  d i s t a n c e s  differ  subs t an t i a l l y  
f rom the  a tomic  d i s t a n c e s  of  the  r e f e r e n c e  
c o m p o u n d s .  A th i rd  r e a s o n  is tha t  the  
R - r a n g e  in the  b a c k t r a n s f o r m a t i o n  o f  the  ra-  
d ia l  d i s t r i bu t ion  func t ion  cou ld  no t  be  t a k e n  
w i d e r  t han  0 .55-3 .58  A.  A l t h o u g h  the  N i - S  
c o n t r i b u t i o n  at  3.56 A and  the  N i - N i  cont r i -  

bu t i on  at  3.72 A shift  to  l o w e r  R - v a l u e s  due  
to  the  p h a s e  shift ,  and  the  m a j o r  p a r t  o f  
t h e s e  p e a k s  is c o n t a i n e d  in this  R - r a n g e ,  pa r t  
o f  t h e m  e x c e e d  3.58 A and  cu t -o f f  e f fec ts  
occur .  

A s  can  be  seen  f rom T a b l e  4, the  r e su l t s  
show tha t  t he re  is no  s ignif icant  d i f f e rence  
b e t w e e n  the  E X A F S  s t ruc tu ra l  p a r a m e t e r s  
o f  the  c a r b o n - s u p p o r t e d  and  a l u m i n a - s u p -  
p o r t e d  N i - M o - S  c a t a ly s t s .  Al l  N i - M o  ca ta -  
lys t s  c on t a in  a N i - S  c o n t r i b u t i o n  at  a b o u t  
2.22 A and  a N i - M o  c o n t r i b u t i o n  a r o u n d  
2.8 A.  A t  low and  high N i / M o  ra t ios  the  
s p e c t r a  cou ld  not  be  f i t ted wi th  on ly  the  
N i - S  and  N i - M o  c on t r i bu t i on .  In  b o t h  
ca ses  a N i - N i  c o n t r i b u t i o n  h a d  to  b e  a d d e d  
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Fro .  2. C o m p a r i s o n  b e t w e e n  the k 3 Four i e r - t r ans -  

f o r m e d  (3 .83 -11 .10  A -  1) e x p e r i m e n t a l  Ni  E X A F S  d a t a  

(solid line) and  the  c o r r e s p o n d i n g  ca l cu la t ed  F o u r i e r  

t r a n s f o r m  (do t t ed  line) for  the  N i - M o - S / C ( 0 . 3 0 )  cat-  

alyst .  

to obtain a good fit. This is illustrated in Fig. 
4 for the Ni-Mo-S/C(0.10) catalyst and in 
Fig. 5 for the Ni-Mo-S/C(l.25) catalyst. As 
can be seen, fitting these catalysts with one 
Ni-S and one Ni-Mo contribution gave a 
poor result. Only after adding a Ni-Ni con- 
tribution with an atomic distance of 3.2 A 
for the Ni/Mo = 0.1 catalyst and a distance 
of 2.58 A for the Ni/Mo = 1.25 catalyst was 
the agreement between data and fit suffi- 
cient. Because of interference with higher 
shell contributions and high-frequency 
noise the inaccuracy in the structural param- 
eters for this Ni-Ni contribution is rela- 
tively large. Since the data are not good 
enough to use more than three different con- 
tributions without violating the Brillouin 
theorem (22), and since there is a Ni-Ni 
coordination at 2.57 A in the Ni-Mo-  
S/C(0.77) and Ni-Mo-S/C(1.25) catalysts, 
it was not possible to determine whether 
a Ni-Ni shell at 3.2 A is present in these 
catalysts. It is worth mentioning that it has 
not been possible to fit the data beyond 
atomic distances of 3.2 A, since the quality 
of the data is not good enough. First there is 

too much interference with high-frequency 
noise in that region, and second the number 
of contributions needed to obtain a reason- 
able fit is too high. For such a fit one needs 
more parameters than is allowed according 
to the Brillouin theorem. 

The analysis showed that the Ni atoms 
were surrounded by five sulfur atoms. Since 
most fivefold coordinated complexes have 
a trigonal bipyramidal or square pyramidal 
structure, it seemed plausible that two sepa- 
rate Ni-S coordinations were present. 
Therefore the EXAFS of the Ni -Mo-  
S/C(0.48) catalyst was fitted with two Ni-S 
distances. The parameters resulting from 
this fit are given in Table 6. A comparison 
between experimental data and calculated 
spectra is given in Fig. 6. It can be seen that 
use of two Ni-S distances instead of one 
produces very little change in the quality of 
the fit. Furthermore the coordination num. 
bers and atomic distances are not very dif- 
ferent from the fit with one sulfur coordina- 
tion. Therefore all catalysts have been 
analyzed with one Ni-S distance. 

D I S C U S S I O N  

Ni-S /C  and Ni/C 

On the basis of the EXAFS results for 
Ni-S/C (Table 5), it is not absolutely clear 
what kind of nickel sulfide is present in this 
Ni-S/C catalyst. The inaccuracy associated 
with the coordination numbers predicted for 

T A B L E  5 

S t ruc tu ra l  P a r a m e t e r s  o f  the  N i - S  and  N i - N i  

Coord ina t ions  for  the  N i - S / C  Ca ta ly s t  

Catalyst Ni-S coordinations Ni-Ni coordinations 

N R dw E o N R dw E o 
~2 eV ~ ~2 eV 

Ni-S/C 3,5 a 2.25 b 0.0024 -0,  l 1.8 a 2.56 b 0,0056 -2.6 
3.1 c 3.56 d 0.0099 12.0 1.4 c 3.72 d 0,0093 7.9 

Note.  The coordination numbers have been corrected for the photoelec- 
twn mean free path dependence (~ = 5 A). 

a Inaccuracy, 20%. 
b Inaccuracy, 2%. 
c Inaccuracy, 50%. 
d Inaccuracy, 5%. 
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FIa. 3. Comparison between the k 3 Fourier-trans- 
formed (3.20-11.50 A - 1) experimental Ni EXAFS data 
(solid line) and the corresponding calculated Fourier 
transform (dotted line) for the Ni-S/C catalyst. 

the nickel sulfide is relatively large. This 
large inaccuracy coupled with the fact that 
the coordination numbers of small sup- 
ported nickel sulfide particles can be very 
different from the coordination numbers in 

a similar bulk nickel sulfide means that it is 
safer to use the atomic distances for drawing 
conclusions about the kind of nickel sulfide 
present in the catalyst. The Ni-S atomic 
distance of 2.25 A (Table 5) excludes the 
exclusive presence of NiS2, Ni17S18, or NiS. 
These sulfides all have Ni-S distances larger 
than 2.3 A, and also, the Ni-Ni atomic dis- 
tance is much larger than 2.56 ~ (23-25). 
For the latter reason one can also exclude 
Ni3S4, which has a minimum Ni-Ni  atomic 
distance of 3.34 A (26). Ni7S6 is not a very 
likely possibility either, since the second 
Ni-S distance encountered in our catalyst 
(3.56 A) is definitely larger than the Ni-S 
distance of ca. 2.8 A in Ni7S 6 (27). The 
atomic distances agree well with the XRD 
data of Ni3S2 and NigS 8 (28, 29). It is not 
possible to conclude whether the former or 
the latter phase dominates, but because 
Ni3S 2 is the stable form under our prepara- 
tion conditions, we assume that the nickel 
sulfide in our catalyst consists mainly of 
Ni3S 2. The structural parameters of Ni3Sz 
are listed in Table 7. 

The Ni-Ni coordination numbers found 
in the EXAFS analysis are much smaller 

a~. bo 
Chi Ni-}~o-~tC(O.lO) "*'~ - -  Chi Ni-Mo-~/C(O.lO) 

--- Pit ~J -- -- Pit 

o ' ~ ~ ~ ,i ~ ~ ~ '~ 
R O )  R (a)  

Fro. 4. Comparison of the k 3 Fourier-transformed (3.75-11.03 A.-1) experimental Ni EXAFS data of 
the Ni-Mo-S/C(0.10) catalyst (solid line) and the corresponding calculated Fourier transform (dotted 
line). (a) Calculation with one Ni-S and one Ni-Mo contribution. (b) Calculation with one Ni-S,  one 
Ni-Mo, and one Ni-Ni  contribution. 
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Ni-Mo-S/C0.2.~) 
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FIG. 5. C o m p a r i s o n  of  the  k 3 F o u r i e r - t r a n s f o r m e d  (3 .64-12 .00  ,A-~) e x p e r i m e n t a l  N i  E X A F S  da ta  of  

the  N i - M o - S / C ( 1 . 2 5 )  c a t a l y s t  (sol id  l ine)  and  the  c o r r e s p o n d i n g  c a l c u l a t e d  F o u r i e r  t r a n s f o r m  (do t t ed  

line).  (a) Ca l cu l a t i on  wi th  one  N i - S  and  one  N i - M o  con t r ibu t ion .  (b) C a l c u l a t i o n  w i t h  one  N i - S ,  one  

N i - M o ,  and  one  N i - N i  con t r ibu t ion .  

than those for bulk Ni3S 2 . This means either 
that. the Ni3S 2 particles are very small or that 
they have a very limited ordering. Since one 
would expect high activities for catalysts 
with small Ni3S 2 particles (as have been 
found on other carbon supports (30), with 
Ni also present in a Ni3S2-1ike phase) the 
fact that the catalytic activity is extremely 
low might suggest that the latter is the case. 
As far as the Ni-S/C andthe Ni/C catalysts 
are concerned, the NTA recipe does not 

T A B L E  6 

S t ruc tu ra l  P a r a m e t e r s  of  the  N i - S  and  N i - M o  Coor-  

d ina t i ons  for  the N i - M o - S / C ( 0 . 4 8 )  C a t a l y s t  R e s u l t i n g  

f rom a Fi t  w i t h  T w o  Di f fe ren t  N i - S  C o n t r i b u t i o n s  

Catalyst Ni-S coordinations Ni-Mo coordination 

N a R b d w  E o N c R b dw E o 

A A 2 eV ~ ~2 eV 

Ni-Mo-S/ 3.8 2.22 0.0002 - 1.1 0.8 2.84 0.0016 - 12.9 
C(0.48) 1.1 2.27 0.0024 -5.0 

N o t e ,  The coordinationnumbers have been corrected forthephotoelec- 
tronmean flee path dependence (X = 5A), 

a Inaccuracy, 20%. 
b Inaccuracy, 2%. 
c Inaccuracy, 50%. 

increase the activity of the catalysts. The 
rate constants kHD s for both catalysts seem 
to be more or less the same within the limits 
of accuracy. 

Ni-Mo-S/C and Ni-Mo-S/A1203 

At high Ni/Mo ratios a Ni-Ni coordina- 
tion is seen with an atomic distance of 
2.58 A. As discussed in the previous para- 
graph this means that in these catalysts part 
of the Ni forms a Ni3S2-1ike phase. This is 
not observed at low Ni/Mo ratios. The fact 
that no  Ni3S 2 formation is seen up to a 
Ni/Mo ratio of 0.48 for the carbon-sup- 
ported catalysts nor up to Ni-Mo = 0.56 for 
the alumina-supported ones, confirms that 
in these NTA-prepared catalysts only the 
Ni-Mo-S structure is formed. The catalysts 
prepared in the classical way (i.e., without 
NTA) have a lower activity, which might be 
due to the fact that NTA prevents the 
growth of MoS 2 particles. These MoS 2 crys- 
tallites could then be much smaller than in 
the classically prepared catalysts, thus giv- 
ing rise to a higher activity. It might be ar- 
gued that the mere fact that only Ni-Mo-S 
structure is formed could lead to a higher 
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FIG. 6. Comparison of the k 3 Fourier-transformed (3.68-l 1.00 A-1) experimental Ni EXAFS data of 
the Ni-Mo-S/C(0.48) catalyst (solid line) and the corresponding calculated Fourier transform (dotted 
line). (a) Calculation with one Ni-S and one Ni-Mo contribution. (b) Calculation with two Ni-S and 
one Ni-Mo contributions. 

activity, because no Ni would be present in 
catalytically inactive phases (Ni3S 2 and Ni 
inside the A1203 support). However, since 
TopsCe et al. ( i0) did not find those phases 
in their classically prepared Co-Mo-  
S/AI203 catalysts up to a Co/Mo ratio of 
approximately 0.5, one can question this ar- 
gument. 

The formation of Ni sulfide at Ni/Mo ra- 
tios of 0.77 and higher in the NTA-prepared 
carbon-supported catalysts is not surpris- 
ing, considering that at such high Ni load- 

TABLE 7 

Crystallographic Data of Ni3S2 

Coordination Atomic distance Coordination 
number 

Ni-S 2.27 2 
2,29 2 

Ni-Ni 2,48 2 
2.51 2 

Ni-S 3.66 2 
3.69 2 

Ni-Ni 3.79 4 
3.81 4 

ings it is likely that not enough MoS 2 edge 
area is available for all Ni to form Ni-Mo-S.  
The surplus Ni will form a Ni sulfide. The 
formation of Ni3S 2 or Ni9S8, as observed in 
the Ni-S/C catalyst, would account for the 
Ni-Ni contribution at 2.57 A in the Ni- 
Mo-S/C(0.77) and Ni-Mo-S/C(1.25) cata- 
lysts. The formation of this separate nickel 
sulfide could also explain the apparent de- 
crease in the Ni-S coordination number, 
since in both Ni3S2 and Ni9S8 every Ni has 
four sulfur neighbors at 2.25 A. The peak at 
2.22 A might therefore represent a weighted 
average of 5.4 and four sulfur neighbors, 
resulting in a measured coordination num- 
ber of 4.9. 

The observed Ni-S coordination distance 
of 2.22 A and coordination number of 5.4 _+ 
1.0 for the Ni-Mo-S/C and Ni -Mo-  
S/AI:O3 catalysts agree very well with re- 
sults obtained by other authors. Thus Nie- 
mann et al. (31, 32) observed that R = 
2.22A and N = 4.7 -_+ 0.5 for the Ni-S 
coordination in a Ni-Mo/C catalyst and sev- 
eral groups reported a similar sulfur Co-S 
coordination in supported and unsupported 
sulfided Co-Mo catalysts (33-37). Deviat- 
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ing results have also been reported. Thus 
Bommannavar and Montano (38) did not 
find any evidence for a Ni-S coordination in 
a Ni-Mo/A1203 catalyst, probably because 
the sample was shortly exposed to the atmo- 
sphere between sulfidation and EXAFS 
measurements. Sankar et al. (39) observed 
a 10-fold coordination in their Co-Mo/AI203 
catalyst, with Nco_s = 6 at 2.33 A and 
Nco_ o = 4 at 2.03 A. This curious result 
must be due to the insufficient quality of 
their laboratory EXAFS data and limited 
analysis method. Chiu et al. (40) observed a 
Fourier transform peak at a distance shorter 
than the Co-S distance in Co9S8 as a conse- 
quence of incomplete sulfiding at 370°C of 
the Co-Mo/AI203 catalyst after a calcina- 
tion at 550°C. 

The observed Ni-Mo coordination 
proves that the Ni atoms are really linked to 
the MoS2 structure, which is of importance 
because of some confusion in understanding 
the M6ssbauer emission spectrum. Re- 
cently it was shown that pure cobalt sulfide 
supported on carbon exhibited the same 
MES signal as the Co-Mo-S structure (41), 
which implies that the occurrence of this 
MES signal cannot be taken as proof that 
the cobalt in sulfided Co-Mo/A1203 is con- 
nected to the MoS2 crystallites (42). The 
present Ni-Mo results and also the recently 
observed Co-Mo coordination (37) in sul- 
tided Ni-Mo and Co-Mo catalysts, how- 
ever, constitute indisputable proof that the 
original suggestion of Ratnasamy and Siva- 
sanker (2) and of Clausen et al. (33), that 
the Co and Ni are present at the edges of the 
MoS 2 crystallites, is valid. Nevertheless, 
even the rich information of three Ni-S, 
Ni-Mo, and Ni-Ni coordinations contained 
in the present EXAFS data is not sufficient 
to prove unequivocally, without further in- 
formation or assumptions, in which sites 
these Ni atoms are located. The best one 
can do is to test existing and newly invented 
site models, discard the ones that are not in 
agreement with the EXAFS data, and retain 
the models that do not contradict the data. 
However, although such an agreement is 

necessary, it is not a sufficient proof for the 
correctness and uniqueness of the corre- 
sponding model. 

Mo EXAFS measurements of sulfided 
Ni-Mo and Co-Mo HDS catalysts on differ- 
ent C and A1203 supports have shown that 
Mo in these catalysts is present as MoS 2 , in 
which the Mo atoms are fully surrounded by 
sulfur (NMo_s = 6) (16, 43). Also on sulfided 
Ni-W catalysts, which have a structure sim- 
ilar to that of Ni-Mo catalysts, W-S coordi- 
nation numbers of 6 have been found (44). 
It is therefore reasonable to assume that the 
same is true in our catalysts and that Mo 
forms hexagonal MoS 2 slabs and has a sulfur 
coordination number of 6. Farragher (45) 
showed that an electrically neutral MoS 2 
edge cannot be fully saturated with S 2- sul- 
fur ions. Because every Ni atom added to 
the MoS 2 edge only brings along one S atom, 
which is not enough to fully cover the MoS 2 
edge, part of the sulfur ions is replaced by 
SH- groups (two SH- groups for one S 2- 
ion). 

As discussed previously (15, 16, 37, 46), 
the observed structural parameters rule out 
the models suggested by Farragher and 
Cossee (7), Harris and Chianelli (47), and 
Ledoux et al. (48). The atomic distances, 
the coordination numbers, or both are not 
in agreement with these models. The Ni-S 
atomic distance of 2.22 A agrees well with 
the literature value of 2.2 to 2.4 A for cubane 
structures of Ni (or Fe or Co) with Mo and 
S (49-52). The Ni-Mo distance of 2.85 A is 
a little long compared to the literature value 
of 2.7-2.8 fi~, but not unreasonably so, and 
thus it might be argued that a type of cubane 
structure, as suggested by Chianelli et al. 
(53) and as shown in Fig. 7, could be formed 
on the MoS 2 edge. Examination of the 
Ni-Ni and Mo-Mo atomic distances shows, 
however, that a real cubane structure (i.e., 
a combination of a S 4 tetrahedron and a 
Ni2Mo 2 tetrahedron) is not possible. The ob- 
served Ni-Ni atomic distance of 3.2 A is 
larger than the value of about 2.8 A that one 
would expect in a real cubane structure. The 
Mo-Mo atomic distance of 3.16 A is also 
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Fro. 7. Cubane- type structure on the MoS 2 edge. 

too large to be present in a real cubane struc- 
ture. It could be argued that a distorted cu- 
bane structure exhibiting larger Ni-Ni and 
Mo-Mo atomic distances than usual might 
be formed at the edge. However, in order 
for such a distorted structure to show 
agreement with the observed atomic dis- 
tances, a large reconstruction of the MoS 2 
crystallite would be required. This recon- 
struction would involve the Mo atoms at 
the edge of the crystallite moving 0.44 ,~ 
backward toward the crystallite. Such a 
large displacement of Mo atoms might be 
expected to have an influence on the Mo 
EXAFS of the catalysts, resulting in a varia- 
tion in the observed Mo-Mo and Mo-S 
atomic distances. The fact that Mo EXAFS, 
performed by several authors (16, 43, 46) on 
catalysts similar to those employed in this 
study, have shown no such variations im- 
plies either that the cubane structure is very 
unlikely to occur or that the MoS z crystal- 
lites in these catalysts are so large that 
changes in the EXAFS due to reconstruc- 
tion at the edge can be attenuated by the 

contribution of Mo atoms in the bulk of the 
crystallite. Finally, a further problem asso- 
ciated with the cubane structure is that in 
such a structure the $3-S 4 atomic distance 
(Fig. 7) would have to be 2.94 A. This is 
rather short compared to the more usual 
value of 3.5 A. The above points taken to- 
gether lead us to conclude that while we 
cannot totally exclude that a cubane site 
exists, we very much doubt its presence. 

A model that is consistent with our 
EXAFS data is presented in Fig. 8. In this 
model ~the Ni atoms are located at substitu- 
tional sites on the MoS2 edges. This idea 
was originally proposed by Ratnasamy and 
Sivasanker (2) and by Ctausen et al. (33), 
and later worked out by the TopsCe group in 
a more detailed model (32, 35). The square 
pyramidal coordination of the Ni atoms re- 
sembles that of the millerite structure, 
which is given in Fig. 9 (54). They are con- 
nected to the MoS 2 crystallite by four sulfur 
atoms. An additional sulfur atom is attached 
in front of the Ni atom, as indicated in Fig. 8. 
This explains the Ni-S coordination number 
of 5.3. Mo EXAFS has shown that the Mo-S 
atomic distance is 2.41 A, which is the same 
as that in bulk M o S  2 . Only a small re- 
arrangement of the MoS2 edge is needed 
to obtain a structure in which the Ni-S, 
Ni-Mo, and Mo-S atomic distances can be 
met exactly. In this rearrangement the four 
edge-sulfur atoms must move 0.07 ~ con- 
certedly toward each other and 0.04 A away 
from the MoS2 edge. The Ni-Ni coordina- 
tion at 3.2 A can also be easily understood 
from this model; it represents a neighboring 

FI~. 8. Square pyramidal  (mitlerite-type) site on an 

MoS 2 edge. 
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FIG. 9. Millerite structure~ (a) Front view. (b) Top view. ~ ~  

Ni atom as indicated in Fig. 10. Sites of this 
kind are only possible on the (1030) edge of 
an MoS2 crystallite, and not on an unrecon- 
structed (3010) edge. In view of the hexago- 
nal shape of MoS2 crystallites, it seems 
strange that all Ni can be accommodated 
at (1010) planes, even up to Ni/Mo = 0.5. 
However, after a slight reconstruction the 
square pyramidal positions are also possible 
on the (1010) edge. This is illustrated in Figs. 
l l a  and l lb ,  where the front view of an 
M o S  2 edge before and after reconstruction 

I i® 

Fro. 10. Two neighboring square pyramidal coordi- 
nated Ni atoms, accounting for the Ni-Ni contribution 
at 3.2 ~_. 

FIo. II. Side view of the edges of a MoS 2 slab. 
(al) Unreconstructed (4010) edge. (a2) Reconstructed 
(4010) edge. (bl) Unreconstructed (1010) edge. (b2) 
(10]-0) edge after removal of one MoSz unit. (c) Unre- 
constructed (1120) edge. 

is given. The (1030) and (3010) edges are the 
most stable ones in bulk MoSz. However, 
as Farragher (45) showed, the (1120) edge 
(Fig. 1 lc) is only slightly less stable. Since 
it is not possible to put two Ni atoms on this 
edge at a distance of 3.2 A, either this (l 120) 
edge is not present or it only takes up part 
of the Ni atoms. 

According to this model one might expect 
) to find a Ni-Mo contribution along the MoS 2 

edge at 3.2 A, as in Fig. 12. To check 

a b o v e  each  X = NO atom 
other  

0 = 1 S a t o n  [ ]  = H i  a t o ~  

FIG, 12. Top view of the (1040) edge of a MoS 2 slab. 
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FIG. 13. Comparison of the k 3 Fourier-transformed (3.68-11.00 A-1) experimental Ni EXAFS data 
of the Ni-Mo-S/C(0.48) catalyst (solid line) and the corresponding calculated Fourier transform (dotted 
line). (a) Calculation with one Ni-S and one Ni-Mo contribution. (b) Calculation with one Ni-S and 
two Ni-Mo contributions, one of them at 3.2 A. 
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whether  this contr ibution is present  the 
EXAFS data of  catalyst  N i -Mo-S /C(0 .48 )  
were refitted, containing an additional 
N i - M o  coordination at 3.2 A. The results 
of  the best  fit are given in Fig. 13 and Table 
8. As can be seen, adding this extra  contri- 
bution does not lead to an increase in the 
quality of  the fit. Also the corresponding 
N i - M o  coordination number  is rather  low 
(NNi_Mo -= 0.2). This, together with the fact 
that all catalysts can be fitted very well with- 
out this contribution, suggests that it is not 
present  in large amounts .  A reason for this 
might be the displacements  of  the edge sul- 

TABLE 8 

Structural Parameters of the Ni-S and Ni-Mo Coor- 
dinations for the Ni-Mo-S/C(0.48) Catalyst Resulting 
from a Fit with Two Different Ni-Mo Contributions 

Catalyst Ni-S coordination Ni-Mo coordinations 

N a R b dw E 0 N e R b dw E o 

A £ 2 eV h £ z eV 

Ni-Mo-S/ 5.4 2.22 0.0016 -0.8 1.0 2.85 0.0039 - 13.4 
C(0.48) 0.2 3.16 0.0045 - 15.3 

N o t e .  The coordination numbers have been corrected for the photoelec- 
tron mean free path dependence ()t = 5 A). 

a Inaccuracy, 20%. 
b Inaccuracy, 2%. 
c Inaccuracy, 50%. 

fur a toms,  necessary  to accommoda te  the 
Ni p romote r  atoms.  Because of this dis- 
p lacement  a neighboring Mo a tom cannot  be 
posit ioned onto the MoS 2 edge with reten- 
tion of  the M o - M o  and M o - S  atomic dis- 
tances as in bulk MoS2. Therefore  this could 
give rise to a certain amount  of strain, which 
makes  a site neighboring the Ni a tom ener- 
getically less favorable  for Mo atoms.  Thus 
it might be that the Ni a toms at tach them- 
selves onto a MoS2 slab at sites with only 
few Mo neighbors. 

One aspect  of our data which is not in 
agreement  with the square pyramidal  model  
is the N i - M o  coordination number.  One 
would expect  it to be 2, but  we find 
NNi_Mo = 0.8--1.5. Why we find these small 
coordination numbers ,  while for C o - M o  
catalysts C o - M o  coordination numbers  of  
2 have been found (37), is at present  not 
clear. It  might be that there is a substantial  
disorder in our catalysts ,  which together  
with an asymmetr ic  distribution in the N i -  
Mo atomic distance, might lead to an appar-  
ent loss in the coordination number  (55). 

As can be seen in Table 4 the N i - N i  con- 
tribution at 3.2 A decreases  with increasing 
Ni content.  A possible explanat ion for this 
is an increase in the structural disorder.  I f  
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Fro. 14. Displacement of  sulfur edge atoms. (a) 
Nickel atoms on neighboring sites. (b) Nickel atoms on 
separate sites. 

more and more Ni atoms are added to the 
catalyst, it becomes increasingly difficult to 
disperse these atoms on the MoS2 edge, 
since this involves a displacement of the 
sulfur edge atoms (16). If two Ni atoms are 
neighbors with an atomic distance of 3.2 .~, 
the displacement of the corresponding sul- 
fur edge atoms is larger than in the case 
where these two Ni atoms are positioned 
further apart from each other. This is illus- 
trated in Fig. 14 for the square pyramidal 
sites: the sulfur atoms in between the Ni 
atoms undergo a rearrangement consider- 
ably larger in Fig. 14a than in Fig. 14b. 
Therefore, the more Ni atoms are added, 
the larger the reconstruction that is needed, 
and the more likely it is that structural disor- 
der occurs. If this disorder leads to an asym- 
metric distribution of atomic distances, this 
could, as mentioned above for the Ni-Mo 
contribution, lead to an apparent decrease 
in the Ni-Ni coordination number. In addi- 
tion, the distribution of the Ni atoms over 
the (1070) and (7010) edges may be depen- 
dent on the Ni/Mo ratio. As discussed be- 
fore (16), the observed Ni-S and Ni-Mo 
distances lead to a position for the Ni atom 
that is 0.4 _A closer to the S 4 square than the 
position of a substitutional Mo atom would 
be. Therefore the distance between two 
neighboring Ni atoms on the (7010) edge (cf. 
Fig. 11 a2) should be 3.85 A, rather than 

3.16 ,~ as a bulk Mo-Mo distance and as a 
Ni-Ni distance along the (1010) edge. The 
observation of a Ni-Ni distance at 3.2 A at 
low Ni/Mo ratio therefore could mean that 
the Ni atoms prefer the (1070) edge over the 
(3010) edge. The filling of sites on the (-i010) 
edge at higher Ni/Mo ratios would then 
lower the average Ni-Ni coordination at 
3.16 A. 

Another explanation could be a decrease 
in the M o S  2 particle size on increasing the 
amount of Ni, as other studies have sug- 
gested (48, 56, 57). The Ni atoms would then 
be distributed over a larger MoS2 edge area, 
and the Ni-Ni coordination number would 
decrease. This seems to be contradictory to 
Mo EXAFS results of Bouwens et al. (46), 
who found a slight increase in the Mo-Mo 
coordination number on adding Ni or Co 
to Mo, indicating an increase in the M o S  2 

particle size. Their results might, however, 
have been influenced by line dislocations in 
the MoS2 structure (see Fig. 15). They 
would in that case not have measured the 
size of the MoS 2 particles, but the size of 
domains inside a M o S  2 particle. 

Influence of the H2S Partial Pressure 

From the Ni-S coordination number 
found in this study and the Mo-S coordina- 

# 
Fro. 15. MoS 2 slab with line dislocation. 
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Fro. 16. Comparison between the experimental data (after Fourier transformation and backtransfor- 
mation) and the calculated spectra for the catalyst Ni-Mo-S/AlzO3(0.29 ) after different pretreatments. 

tion number of 6 obtained in Mo EXAFS 
studies (16, 43, 44) it appears as if all Mo and 
Ni atoms are fully coordinated with sulfur. 
If that is the case one wonders how these 
catalysts can be active in thiophene hydro- 
desulfurization. Indeed, if all sites were fully 
coordinated there would be no coordina- 
tively unsaturated sites, which are generally 
accepted to be the sites where thiophene 
adsorbs (6, 58-61). On the other hand, it 
must be kept in mind that the catalysts have 
been sulfided in 10% H2S in hydrogen and it 

might be that because of this high H2S partial 
pressure the Ni and Mo atoms have high 
sulfur coordination numbers. The samples 
had undergone He flushing for a period of 
30 min after sulfiding and before the EXAFS 
measurements,  but this might only have re- 
moved gaseous or physisorbed H2S, mean- 
ing that this flushing procedure  has little in- 
fluence on the sulfur coordination number. 
Under catalytic reaction conditions a gas 
mixture of 3% thiophene in hydrogen is led 
over  the catalysts. Since only part of the 
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TABLE 9 

Structural Parameters of the Ni-S, Ni-Mo, and Ni-Ni Coordinations for the Ni-Mo-S/Al(0.29) After 
Several Flushing Procedures 

Flushing Ni-S coordination Ni-Mo coordination 
procedure 

N a R b dw E o N c R b dw Eo 

X X 2 eV X h 2 eV 

Only He flushing 5.6 2,22 0.0023 -2 .8  0.8 2.85 0.0027 -8 .0  
2% H2S/H 2 4.8 2,21 0.0003 1.7 1.4 2.81 0.0021 -9 .4  
H 2 4.8 2,22 0.0011 -0 .8  1.1 2.80 0.0049 -3 .7  

Ni-Ni coordination 

N c R a dw E o 

A 2 eV 

Only He flushing 1.0 3.21 0.0002 9.8 
2% H2S/H 2 0.6 3.16 -0.0006 t.3 
H2 0.6 3.23 - 0.0009 7.1 

N o t e .  The coordination numbers have been corrected for the photoelectron mean free path dependence (X = 
5 X). 

a Inaccuracy, 20%. 
b Inaccuracy, 2%. 
c Inaccuracy, 50%. 
a Inaccuracy, 5%. 

thiophene is converted into H2S, the H2S 
partial pressure during reaction is much 
smaller than during sulfidation. This could 
decrease the sulfur coordination number 
and thus create sites where thiophene can 
adsorb, explaining the catalytic activity. 

In order to study this possibility the 
Ni-Mo-S/A1203(0.29) catalyst was investi- 
gated with EXAFS after three different 
flushing procedures. The first experiment 
was the standard experiment, in which the 
catalyst underwent only He flushing after 
sulfiding in 10% HzS in H 2. These results 
have already been presented in Table 4. In 
a second experiment the He flushing was 
preceded by exposing the catalysts to a flow 
of 2% H2S in H2 for a period of 30 rain, 
and in a third experiment the catalyst was 
exposed to a flow of pure hydrogen, again 
for a period of 30 rain prior to He flushing. 
All gas velocities were 50 ml/min. The re- 
sults are given in Fig. 16 and Table 9. Al- 
though it looks as if the Ni-S coordination 
numbers are the same within the absolute 

inaccuracy of 20%, the relative inaccuracy 
(one sample compared to another) is much 
better and is estimated to be 5%. Therefore 
it can be concluded that after flushing in 2% 
H2S in H2 the sulfur coordination number is 
indeed smaller. Flushing with H 2 instead of 
2% H2S in H 2 gives the same decrease in 
coordination number. At first sight it looks 
as if the new flushing methods also influence 
the Ni-Mo and Ni-Ni contributions. How- 
ever, since these contributions are much 
smaller than the Ni-S contribution, NNi_Mo 
and NNi-Ni have inaccuracies much larger 
(absolute and relative) than that of NNi_ s . It 
might be that within the limits of (absolute 
and relative) accuracy the NNi_Ni and NNi-Mo 
do not actually vary, and one cannot, there- 
fore, draw any conclusions from the ob- 
served changes in these parameters. 

CONCLUSIONS 

By using EXAFS as a technique to char- 
acterize the local surrounding of Ni in a se- 
ries of Ni-containing hydrodesulfurization 
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catalysts, it has been possible to obtain de- 
tailed structural information about the ac- 
tive phase in these catalysts. For the Ni -  
S/C catalyst it has been found that Ni is 
present in a Ni3S2-1ike phase. In the Ni -  
Mo-S/C and Ni-Mo-S/A1203 catalysts all 
Ni was present in a Ni -Mo-S  structure up 
to a Ni/Mo ratio of 0.48 for the carbon- 
supported catalysts and up to a Ni/Mo ratio 
of 0.56 for the alumina-supported catalysts. 
The observation of a Ni-Mo coordination 
allowed us to prove that in this structure the 
Ni atoms are positioned at the outside of the 
MoS2 crystallites in the Mo plane and that 
they are attached to a square of four sulfur 
atoms, which are part of the MoS 2 edge. A 
fifth sulfur atom is attached to the Ni atom, 
forming a square pyramidal coordination 
(Fig. 8). The Ni-S atomic distances are 
2.22 A. Also a Ni-Mo contribution is de- 
tected with an atomic distance of 2.85 A, 
which represents the nearest Mo neighbors 
in the structure described above. Finally, a 
Ni-Ni  coordination at 3.2 A is observed at 
low Ni/Mo ratios, indicating that some Ni 
atoms are present at neighboring sites (Fig. 
10). Our detailed results thus allow us to 
conclude that the suggestion made by 
TopsCe and co-workers for the location of 
the Co and Ni promoter atoms is indeed 
correct. 

Flushing the Ni-Mo-S/A1203(0.10) cata- 
lyst with 2% H2S in H2 after sulfidation 
caused a decrease of the Ni-S  coordination 
number, indicating that flushing uncovers 
the Ni atoms and makes them available for 
catalysis. Flushing with H 2 had the same 
effect. 
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