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By analyzing the extended X-ray absorption fine structure (EXAFS) of the Mo K-absorption edge, structural information for 
both oxidic and sulfided K-MoO3/7-A1203 catalysts with different potassium content was obtained. The oxidic samples show two 
backscatterer peaks in the radial distribution function (RDF), which correspond to the Mo-O coordinations in the nearest Mo-O 
shell. The nearest oxygen atoms are present with large confignrational disorder. The RDF for the K/Mo = 0 sample is significantly 
different from that for crystalline MoO3 and ammonium heptamolybdate. The RDFs for potassium promoted samples are, in some 
extent, similar to that for ammonium heptamolybdate. The sample with K/Mo = 0.8 and that with K/Mo = 1.5 do not show 
obvious difference in their local Mo-O structures. The EXAFS results support the earlier conclusions from Raman spectroscopy 
studies on identical samples [7]. When the samples are sulfided, a rearrangement of the local neighbors around Mo atoms takes 
place, to form small MoSz-like crystallites. The Mo-S and Mo-Mo coordination distances on these catalysts are the same as those 
in crystalline MoS2, but the coordination numbers are significantly lower than in MoS2. The EXAFS results indicate that Mo spe- 
cies on the K/Mo = 0 catalyst mainly consist of Mo-S-Mo units (the basic building units of MoS2), which are highly dispersed and 
show a higher level of disorder than in MoS2. With the modification by the potassium promoter, Mo species are significantly aggre- 
gated and their local neighbors are more similar to those in MoS2, but the Mo species still exist in a state of high dispersion. 
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1. I n t r o d u c t i o n  

Sulfided Mo based catalysts have been widely used in 
hydrotreat ing processes because of  their high activity for 
hydrodesulfurization, hydrodenitrogenation,  methana- 
tion and synthesis of  light hydrocarbons from CO hydro- 
genation [1]. In recent years, some attention has been 
focused on alkali, mainly potassium, promoted catalysts 
since they show high activity for mixed alcohols synthesis 
f rom CO hydrogenat ion [2-4]. As a promoter ,  K2CO3 
has been used by some experimental groups in MoS2 cat- 
alysts [1,5]. Some authors have claimed that KC1 is the 
preferred promoter  for the MoO3 / SiO2 system [6]. 

Previously, we studied the role of  KC1 as promoter  
in MoO3/7-A1203 catalysts. For  this purpose, a variety 
of  techniques including X-ray diffraction (XRD) and 
laser Raman  spectroscopy (LRS) were used to determine 
the structural features of  the catalysts [7]. The results 
showed that for oxidic samples the main surface phase 
on the MoO3/A1203 sample was MoO3 crystallite, but  
the surface phase on KC1 promoted samples was present 
mainly in the form of  K - M o  interaction species, which 
may contain the potassium cations and the Mo7 064 unit. 
For  sulfided samples, MoSz crystallites were formed and 
the presence of  the potassium promoter  resulted in the 
aggregation o f  the MoS2 crystallites. But questions 
remain about  the local structure of  Mo atoms on these 
catalysts. 

i To whom correspondence should be addressed. 

Extended X-ray absorption fine structure (EXAFS) 
probes the local environment of  the absorber atoms and 
allows a determination of  structural parameters such as 
coordination numbers and interatomic distances [8]. 
The local coordination of  the catalytically active atoms 
could be expected to answer some questions relating to 
the molecular mechanism of  the surface active species 
without long-range order. 

Since the early 1980s, EXAFS has been used to char- 
acterize the structure of  the surface species on both  oxi- 
dic and sulfided Mo based catalysts. For  oxidic 
catalysts, some authors have reported the results of 
EXAFS analysis about  the influences on the structure of  
Mo species of  supports [9], concentration of  Mo compo- 
nent [ 10] and of  pretreatment conditions [ 11 ]. Recently, 
KnSzinger et al. have reported their results about  the 
influences of  a potassium promoter  on the structure of  
the Mo species on oxidic SiO2-supported samples [12]. 
Chiu et al. have reported the structure of  C o - M o  / AlEO3 
catalyst determined by EXAFS [13]. For  sulfided cat- 
alysts, some studies concerning the influences on the 
structure of  Mo species of  sulfidation conditions [14] 
and Co- and Ni-containing promoters  [15-19] have been 
reported. These EXAFS results suggest that  Mo species 
on oxidic samples are often poorly ordered, but  for Mo 
species on sulfided samples there is a higher level of  
microcrystalline order. Most  results f rom EXAFS anal- 
ysis are also supported by conclusions obtained from 
other techniques. 

With the aim to obtain additional microstructural 
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information on our K-MoO3/A1203 catalysts, we now 
report the results obtained from the study by EXAFS of 
the Mo K-absorption edge. In this paper, both the oxidic 
and sulfided samples were prepared under conditions 
identical to those applied in earlier studies [7]. 

2. Experimental 

2.1. Samplepreparation 

The oxidic K - M o O 3 / 7 - A 1 2 0 3  samples were pre- 
pared, by the incipient wetness method, by impregnating 
7-A1203 support with the aqueous solution of KC1 (the 
solution for 1 g A1203 support was obtained by adding a 
calculated amount of KC1 to 2 g distilled water), fol- 
lowed by drying in air at 120~ for 6 h and calcination in 
air at 300~ for 1 h; and then impregnating these KC1/7- 
A1203 samples with the solution of ammonium hepta- 
molybdate, followed by drying and calcination in O2 
atmosphere at 500~ for 12 h. The oxidic samples were 
sulfided by calcination at 400~ for 6 h in a flowing gas 
mixture (30 ml/rain) of H2 and CS2, which was obtained 
by passing H2 through 0~ liquid CS2. Mo contents cal- 
culated as MoO3/A1203 weight ratio are constant for all 
samples and equal to 0.24; potassium contents calcu- 
lated as K / M o  atomic ratio are equal to 0, 0.8, 1.5, 
respectively. The sulfided samples were protected in N2 
atmosphere and only exposed to air for short time before 
the EXAFS measurements. 

2.2. EXAFS analysis 

X-ray absorption data around the Mo K-absorption 
edge were collected at the beamline of 4WlB, the 
EXAFS station of the Beijing Synchrotron Radiation 
Facility. The measurements were performed at room 
temperature with ionization chambers filled with Ar. 
For the EXAFS measurements, the samples were ground 
and homogenized. The precalculated amounts of sam- 
ples were pressed into plane-parallel rectangular tablets 
and the reference compounds were mounted between 
pieces of adhesive tape. The thickness of the samples was 
chosen such that #x = 1 on the high absorption side of 
the edge. The X-rays, which were emitted by positrons in 
the storage ring with an energy of 2.2 GeV and a typical 
current of 45 mA, were monochromatized by two 
Si(111) single crystals. All spectra were obtained at 5 eV 
steps from 19800 to 19940 eV, 1 eV steps from 19940 to 
20200 eV and 4 eV steps up to 21000 eV. 

The EXAFS functions in k-space were obtained from 
the X-ray absorption spectra by successively subtracting 
the extrapolation of a victoreen curve fitted to the pre- 
edge region and a victoreen curve fitted to the post-edge 
region. Normalization was done by division by the 
apparent edge height, which is obtained by back extra- 
polation of the backgrounds. The k3-weighted EXAFS 

functions were Fourier transformed (FT) over a k-range 
of 30-130 nm -1 to obtain the FT spectra. The FT spectra 
were inverse Fourier transformed over a certain R-range 
to obtain the isolated EXAFS functions in k-space. The 
R-range limits chosen were minima in the values of the 
spectra to minimize cutoff effects. 

For the analysis of the spectra, phase shifts and 
backscattering amplitudes from reference compounds 
were used. For this purpose, we have employed 
NaaMoO4.2H20 and MoS2, and used the EXAFS 
results of Mo-O in Na2MoOa-2H20 and Mo-S,  Mo-- 
Mo in MoS2 as standards. The interatomic distance cal- 
culations have an uncertainty of about +0.002 nm, and 
coordination number with about -t-20% uncertainty for 
Mo-S shell and more for Mo-O and Mo-Mo shells. 

3. Results and discussion 

3. I. EXAFS analysis for model compounds and o xidic 
catalyst samples 

The radial distribution functions (RDF) derived from 
the EXAFS of NaaMoO4-2H20, MoO3 and 
(NH4)Mo7Oz4.4H20 are shown in fig. 1. Fig. 1 a presents 
the radial distribution of NazMoa.2H20, which contains 
only a single large peak at about 0.13 nm corresponding 
to the four nearest oxygen neighbors. The Mo-O dis- 
tances are 0.176 nm according to literature [20]. The 
position of the peak on the R DF is downshifted from the 
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Fig, 1. Radial distribution functions for model oxidic Mo compounds. 
(a) Na2MoO4.2H20, (b) MOO3, (c) (NH4)6Mo7024.4H20. 
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true distance by about 0.045 nm due to the scattering 
phase shifts. The sharpness of the Mo-O peak in the 
R DF implies that the Mo-O coordination shells are 
present with small configurational disorder. 

Fig. lb presents the R D F  of crystalline MOO3. In this 
figure, there are three major peaks. The first two peaks 
at about 0.12 and 0.18 nm correspond to six nearest 
neighbor oxygen atoms of the Mo atom. These six oxy- 
gens form a distorted octahedron. The Mo-O coordina- 
tion distances are known as 0.165, 0.173, 0.195, 0.225 
and 0.233 nm; the Mo-O coordination numbers are 1, 1, 
2, 1 and 1, respectively [21]. The third large peak at about 
0.29 nm on the R D F  for MoO3 is due to the next nearest 
neighbors, which contains two Mo atoms at about 
0.344 nm, and four Mo and six O atoms that are present 
within distances shorter than 0.4 nm. 

The first two peaks on the RDF for MoO3 are weak 
compared to the first peak in Na2MoO4.2H20. This is 
because of the large spread in the M o O  distances of the 
first coordination shell of MOO3, which reduces the 
apparent amplitude where the peaks are overlapping 
and makes a minimum [8]. The minimum between the 
nearest Mo-O peaks for MoO3 is at about 0.15 nm. 
Recall that the peak position on the RDF is downshifted 
from the true distance by about 0.045 nm; this minimum 
position should be the maximum of a peak attributed to 
the two 0.195 nm Mo-O coordinations if the interference 
were not present. Kngzinger et al. reported a similar 
radial distribution for MoO3 [11]. 

The R D F  for ammonium heptamolybdate is pre- 
sented in fig. lc. In this figure, one large peak at about 
0.13 nm is observed, which corresponds to the Mo-O 
coordination with interatomic distances of near 0.18 nm. 
The small peak at about 0.18 nm on the RDF may repre- 
sent the Mo-O coordination with longer Mo-O intera- 
tomic distances (near 0.23 nm). In the ammonium 
heptamolybdate unit cell, each Mo atom is surrounded 
by six oxygen atoms that also form a distorted octahe- 
dron. Each unit cell contains seven Mo atoms, hence 42 
Mo-O bonds. The Mo-O distances are widely distribu- 
ted in a range of about 0.16--0.25 nm [11]. The existence 
of a minimum between the Mo-O peak at about 0.13 nm 
and the Mo--O peak at about 0.18 nm in the RDF is also 
caused by the large configurational disorder and the 
interference of the Mo--O coordinations with different 
interatomic distances. 

The inverse transforms of the nearest Mo-O peaks 
of the model compounds were calculated. These were 
fitted to find the Mo-O coordination of MoO3 and 
ammonium heptamolybdate, using the inverse trans- 
form of Na2MoOa.2H20 as a standard. When the two 
nearest Mo-O peaks in the RDFs for MoO3 or ammo- 
nium heptamolybdate were inversely transformed sepa- 
rately, the single-sheU fitting showed much lower 
coordination numbers (1.4 and 1.6) compared to the 
crystallographic number (6). When the two peaks were 
inversely transformed together, the results from two- 

shell fitting are in good agreement with the crystallo- 
graphic parameters (see table 1). The average Mo-O 
coordination distances in ammonium heptamolybdate 
from EXAFS analysis were a little longer than in 
MOO3. 

Fig. 2 shows the RDFs derived from the EXAFS data 
of oxidic samples with different potassium contents. On 
each RDF there are two peaks in the range of 0.10- 
0.22 nm, one at about 0.13 nm and another at 0.18 nm. 
They correspond to the nearest Mo--O shells in the sam- 
pies. These peaks are notably decreased compared to 
that for Na2MoO4.2H20, which suggests that Mo spe- 
cies on the oxidic samples are presented with large con- 
figurational disorder [22,23]. 

In fig. 2a, the R DF for the oxidic K / M o  = 0 sample, 
the Mo-O peak at about 0.18 nm is smaller than the peak 
at about 0.13 nm. Recall that the peak due to more dis- 
tant oxygen neighbors in the nearest shell of crystalline 
MoO3 is large and the second peak for ammonium hep- 
tamolybdate is much smaller. The local structure around 
Mo atoms on the K / M o  = 0 sample should be different 
from either MoO3 or ammonium heptamolybdate. We 
have reported that on this sample strong bands due to 
MoO3 and weak bands due to some tetrahedral and octa- 
hedral Mo species were observed by laser Raman 
spectroscopy [7], which suggested that a mixture of sev- 
eral different Mo species is present in the sample. This is 
in agreement with the results from EXAFS analysis. 
Another significant difference between the radial distri- 
bution functions for the K / M o  = 0 sample and for crys- 
talline MoO3 is that the peaks at about 0.28 nm 
(corresponding to M o - M o  and farther Mo-O coordina- 
tions) for the K /Mo  = 0 sample are small relative to 
those for crystalline MOO3. This indicates that the 
MoOa-like species on the K /Mo  = 0 sample may be 
present as MOO3, but lacking the long-range order char- 
acteristics of crystalline MOO3. This is consistent with 
XRD [7], by which no peaks were found due to any Mo 
species, although the Mo content on this sample was 
about 20%. 

The inverse transforms were calculated for the nearest 
Mo-O shell on the oxidic samples, and two-shell fitting 

Table 1 
Best-fit values of structural parameters for oxidic samples from 
EXAFS data 

Sample Shell N R (nm) 

MoO3 M o O  3.0 0.176 
M o O  3.0 0.223 

('NH4)6Mo7024-4H20 Mo-O 2.3 0.189 
Mo-O 3.4 0.235 

K/Mo 0.0 M o O  3.0 0.178 
Mo-O 2.1 0.218 

0.8 Mo-O 2.2 0.180 
M o O  2.8 0.238 

1.5 M o O  2.2 0.181 
M o O  2.7 0.238 
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Fig. 2. Radial distribution functions for oxidic K-MoO3/A12Os sam- 
pies. (a) K/Mo = 0.0, Co) K/Mo = 0.8, (c) K/Mo = 1.5. 

of the inverse transforms was performed. Fig. 4a shows 
the inverse transformation spectra and fits, for the near- 
est Mo-O shell of the K /Mo = 0 sample. The structural 
parameters from the fitting are included in table 1. The 
two Mo-O coordination distances for the K /Mo = 0 
sample are both shorter than their counterparts for K- 
promoted samples. Compared to the other samples, the 
Mo-O coordination distances for the K/Mo = 0 sample 
and for crystalline MoO3 are short. The Mo-O coordi- 
nation distances for K-promoted samples, ammonium 
heptamolybdate and Na2MoO4.2H20 are relatively 
longer. These results support the idea that a part of the 
Mo component in the K / M o  = 0 sample is present as 
MoO3 crystallites. 

In figs. 2b and 2c, the radial distribution functions 
for K /Mo = 0.8 and K/Mo = 1.5 samples are pre- 
sented. The results of two-shell fitting do not show sig- 
nificant differences in local Mo-O structures between 
the sample with K / M o  = 0.8 and the sample with 
K /Mo = 1.5. The peaks due to longer Mo-O coordina- 
tions (at about 0.18 nm) in the nearest shells of these two 
samples are both much weaker. Parham et al. reported 
similar radial distribution functions for oxidic Mo cat- 
alysts [14]. The RDFs for the K-promoted samples are 
similar to that for ammonium heptamolybdate, which 
are consistent with the results obtained from LRS meas- 
urements that MoO3 crystallites disappeared and some 
M070264 species formed on the K-promoted samples [7]. 
The structural parameters from EXAFS fitting sup- 
ported this idea, which showed that Mo-O coordination 

distances in the K-promoted samples are a little longer 
than in the K/Mo = 0 sample. But the existence of K 
promoter, and some tetrahedral Mo species which has 
been observed by LRS [7], imply the local Mo-O struc- 
tures must have some difference from that in ammonium 
heptamolybdate. 

According to LRS and XRD analysis [7], on oxidic 
potassium-promoted samples an interaction between 
the potassium promoter and the supported molybdenum 
component occurs. The K-Mo interaction gets satu- 
rated by a K / M o  ratio of 0.8. At a K / M o  ratio above 
0.8, KC1 crystallites form. These conclusions are in 
agreement with the results from EXAFS analysis. 

3.2. E X A F S  analysis for  sulfided K - M o  03/Al2 03 
samples 

The RDF for MoS2 is presented in fig. 3a. In this fig- 
ure, there are two large peaks. The first peak at about 
0.19 nm corresponds to six sulfur neighbors at 0.241 nm. 
The second large peak at about 0.28 nm is caused by six 
Mo neighbors at 0.316 nm [24], which make up the first 
Mo-Mo shell. The peaks which represent more distant S 
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Fig. 3. Radial distribution functions for MoS2 and sulfided K- 
MoO3/AI203 samples. (a) MoS2, Co) K/Mo = 0.0, (c) K/Mo = 0.8, 

( d )  K / M o  = 1.5.  



G. Bian et al. / An EXAFS study on K-Mo / AI2 03 catalysts 239 

and Mo shells are much smaller. The sharpness of the 
Mo-S peak and the Mo-Mo peak implies that S atoms 
and Mo atoms in the first Mo-S and Mo-Mo shells pos- 
sess low configurational disorder. 

The R D F  for the sulfided sample with K /Mo  = 0 is 
presented in fig. 3b. In this figure, there are also two 
major peaks due to Mo-S and Mo-Mo coordination 
shells, respectively. Both the Mo-S and Mo-Mo dis- 
tances on this sample are in agreement with the intera- 
tomic distances in MoS2. This indicates that 
organization into MoS2-1ike crystallites took place dur- 
ing sulfidation. One obvious difference compared to the 
R DF of MoS2 is that the magnitudes of the Mo-S and 
M o - M o  peaks for the sulfided sample are small relative 
to those for MoS2. and also that the Mo--Mo peak is 
much smaller than the Mo-S peak. This implies a lower 
Mo-S coordination number and a much lower Mo-Mo 
coordination number in the sulfided K / M o  = 0 sample. 
Figs. 3c and 3d present the RDFs for the sulfided cat- 
alyst samples with K / M o  = 0.8 and K /Mo  = 1.5. The 
local structures of these samples are similar to the 
K / M o  = 0 sample except that the heights of both the 
Mo-S peak and M o - M o  peak are increased. 

The structural parameters of Mo-S and Mo-Mo 
coordination shells for the sulfided catalysts were 
obtained by single-shell fitting of the inverse transforma- 
tion data. The calculated values are included in table 2. 
The Mo-S and M o - M o  coordination distances do not 
show obvious differences from MoS2, but the coordina- 
tion numbers, especially the Mo-Mo coordination num- 
bers, are much smaller than those of MoS2. Figs. 4b and 
4c present the inverse transformation spectra of Mo-S 
and Mo-Mo shells in the MoS2 (curve 1) and 
K / M o  = 0.8 samples (curve 2), and the final fit for the 
spectrum of the K / M o  = 0.8 sample (dotted), respec- 
tively. 

In table 2, for the K / M o  = 0 sample, the Mo-S coor- 
dination number is 3.7 according to EXAFS analysis. 
Total sulfur analysis showed, however, that S/Mo 
atomic ratios on similar samples are less than 2 [25,26]. 
These results indicate that most of sulfur atoms in the 
sample should be coordinated with approximately two 
Mo atoms, which demonstrates clearly that the Mo spe- 
cies on the sample are present in the form of a chain-like 
structure with Mo--S-Mo bonds as basic building units. 
The much smaller value of the Mo-Mo coordination 

Table 2 
Best-fit values of structural parameters for sulfided catalysts from 
EXAFS data 

Sample Shell N R (nm) 

K / M o  0.0 Mo--S 3.7 0.244 
Mo-Mo 1.4 0.313 

0.8 Mo--S 5.0 0.240 
M o - M o  3.4 0.316 

1.5 Mo-S 5.0 0.242 
Mo-Mo 3.6 0.317 
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Fig. 4. Inverse transformation spectra and the final fits with the param- 
eters as presented in tables 1 and 2. ( ) Experimental curve, (-..) fit- 
ting curve. (a) M o O  shell in oxidic K /Mo  = 0 sample, (b) Mo-S shell 
in MoS2 (1) and K / M o  = 0.8 sample (2), (c) M o - M o  shell in MoS2 (1) 

and K /Mo  = 0.8 sample (2). 

number from EXAFS analysis (1.4) suggests a high level 
of disorder of the Mo-Mo coordination. So, the arrange- 
ment of Mo--S-Mo units on the catalyst sample should 
be structurally different from MoS2, in which the Mo-S-  
Mo units (the basic building units of MoS2) are present 
with lower configurational disorder and each sulfur 
atom is coordinated with three Mo atoms. Small crystal- 
lites of MoS2 on the sample surface would readily 
explain this effect. 

Significant structural changes for the K-promoted 
catalyst samples compared to the K/Mo = 0 sample are 
observed from the EXAFS measurement (table 2). The 
Mo-S coordination number for the K / M o  = 0.8 sample 
is 5.1, which is higher than the value (3.7) for the 
K / M o  = 0 sample. This implies that an aggregation of  
the Mo species occurs during sulfidation on the 
K /Mo  = 0.8 sample. The increase of the M o - M o  coor- 
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dination number  (3.4) for the K / M o  = 0.8 sample com- 
pared  to that  for the K / M o  = 0 sample (1.4) supports 
this idea. So, the local a r rangement  of  the Mo species on 
the K / M o  = 0.8 sample is more  similar to that  in MoS2. 
In the K / M o  = 1.5 sample, the M o - S  coordination 
number  is 5.0 and  Mo--Mo coordinat ion number  is 3.6. 
No  evidence is seen for  significant structural changes 
compared  to the K / M o  = 0.8 sample. This suggests that  
similar structural  rearrangements  occur on these two K-  
p romoted  samples during sulfidation. 

All o f  these results indicate that  the size of  the MoS2 
crystallites increases when catalysts are p romoted  with 
the potass ium compound.  This is in agreement  with the 
results obta ined f rom LRS measurements  [7]. In the 
R a m a n  spectra, obvious scattering peaks corresponding 
to MoS2 were observed for  K-p romoted  catalysts, while 
no obvious signals were observed for the K / M o  = 0 
sample. 

4. Conclusion 

By analyzing the EXAFS of  the Mo K-absorpt ion  
edge, we know that  for  oxidic K-MoO3/A1203 catalysts 
the nearest  oxygen a toms are present  with large config- 
urat ional  disorder. The radial distribution function for 
the K / M o  = 0 sample is significantly different f rom that  
for MoO3 and a m m o n i u m  heptamolybdate .  The Mo 
species on these samples are present as a mixture of  
MoO3 crystallite, and some other Mo species. The local 
structures on K - p r o m o t e d  samples are similar to those 
in a m m o n i u m  heptamolybdate .  The samples with 
K / M o  -- 0.8 and K / M o  = 1.5 do not show obvious dif- 
ference between them in their local M o - O  structures. 
When the catalysts are sulfided, a rearrangement  of  the 
local neighbors takes place around Mo a toms to fo rm 
MoS/- l ike crystallites. The M o - S  and M o - M o  coordi- 
nation distances on these catalysts are the same as in 
MoS2, but  the coordinat ion numbers  are significantly 
lower. The EXAFS results indicate that  Mo  in the 
K / M o  =- 0 sample mainly consists of  M o - S - M o  bonds 
(the basic building units o f  MoS2), which are highly dis- 
persed and possess a high level o f  disorder. With the 
modificat ion by the potass ium promoter ,  Mo  species are 
significantly aggregated and their local neighbours are a 
little more  similar to MoS2. 
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