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X-Ray photoelectron spectroscopic (XPS) measurements have been made on unsupported, 
fully sulfided, cobalt-molybdenum catalysts which had previously operated catalytically until 
attainment of steady activity. Total sulfur content and intrinsic activity for hydrogenolysis 
of thiophene, for hydrogenation of cyclohexene and for isomerization of cyclohexane are also 
reported. The entire range of concentration 0.0 < r < 1.00, where r = Co/(Co + MO), has 
been investigated. There exists a good correlation between XPS and catalytic activity measure- 
ments. Two concentration domains can be distinguished. In the low cobalt concentration range 
there is an increase in the binding energy of the MO 3d;, MO 3d:, and S Zp;-+ levels. In the range 
of concentration where the catalysts exhibit a strong synergy for hydrogenolysis and isomeriza- 
tion, the binding energy of these levels decreases. Furthermore, the sulfur content is maximum. 
The formation of a reduced species with a charge between Mo4+ and MO”+, which could be 
involved in the active sites, has been postulated. 

We have previously shown that un- 

supported cobalt sulfide-molybdenum sul- 
fide catalysts prepared by different methods 
present many similarities with the usual 
supported ones (l-7). By studying, in 
comparison with supported catalysts, the 
more simple system which unsupported 
sulfides represent, we have thus tried to 
elucidate some of the characteristics of a 
group of catalysts lvhich is of prime im- 
portance in hydrodesulfurization and hy- 
drotreating of petroleum fractions. 

Electron spectroscopy has proved valu- 
able for the physicochemical study of 
supported hydrodesulfurization catalysts 
(8-17). The method is extremely useful for 
indicating interactions between the active 
phases and the support. However, the 
features pertaining to the active phases 
themselves and their mutual interactions 

are blurred by those arising because of the 
presence of the support, especially because 
of the broadening of the lines. Preliminary 
results indicated that X-ray photoelectron 
spectroscopy (XPS) was able to provide 
particularly valuable information on un- 
supported catalysts (18). 

This work concerns unsupported fully sul- 
fided, cobalttmolybdenum catalysts. Spe- 
cial attention \vas given to the phenomena 
occurring in catalysts containing a small 
amount of cobalt [with atomic ratio I* = 
Co/(Co + RIO) < 0.101 and in catalysts 
having the composition 0.15 < r < 0.50 
corresponding to the synergetic effect, 
namely, an important enhancement of the 
catalytic activity in hydrogenolysis of 
thiophene and in hydrogenation of un- 
saturated hydrocarbons. h distinctive fea- 
ture of the present \vork is that the cata- 
lysts had been operating previously, until 
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attainment of steady activity, in a model 
reaction and were then transferred without 
contact with the atmosphere to the ESCA 
equipment. Catalytic activities per unit sur- 
face area of the catalysts are also reported. 

EXPERIMENTAL METHODS 

1. Preparation of the Catalyst 

The so-called ‘Leo-maceration method” 
was used for the preparation of the catalysts 
(1, 2). Molybdenum oxide (MoOa) and 
cobalt oxide (Co304) were co-digested in 
an aqueous ammonium sulfide solution for 
6 hr at 70°C. The compounds obtained 
were subsequently heated under a H2S-Ar 
atmosphere for 4 hr at 400°C before 
evacuation. 

Nine catalysts were prepared covering the 
range of composition r = Co/(Co + MO) 
from 0 to 1. Compositions were confirmed 
by atomic absorption measurements. 

6. Analyses of the Sulfur Content 

The total sulfur content of the samples 
before they had operated catalytically was 
measured gravimetrically. The fresh cata- 
lysts were dissolved in aqua regia, where 
sulfur was transformed to sulfuric acid. 
The sulfate ions were precipitated in the 
form of BaS04 by BaC& and weighed. 

3. Surface Area Measurements 

Surface area measurements were made by 
gravimetric nitrogen adsorption and the 
BET method. 

4. XPS Measurements 

Before the ESCA measurements, the 
catalysts were contacted with a model, 
sulfur-containing, hydrocarbon feed (see 
below, Section 5) under atmospheric pres- 
sure for 20 hr. Unfortunately, because of 
the necessity to transfer the catalyst to the 
ESCA equipment without contamination 
it was not possible to use the high pressure 
enuinment. but onlv all-glass, atmospheric 

pressure equipment. However, except for 
the pressure, all conditions were equivalent 
to those used in the high pressure catalytic 
activity measurements. The length of the 
catalytic run (20 hr) was sufficient to reach 
a stable activity. 

After the catalytic run, the catalysts were 
sealed off from the atmospheric pressure 
equipment under vacuum and transferred 
to a glove box attached to the ESCA 
apparatus. 

The electron spectrometer was a Vacuum 
generators ESCA 2 instrument. The sam- 
ples were gently ground under dry nitrogen 
in the glove box, placed on a platinum 
plate, and introduced into the measuring 
chamber. The exciting radiation was AlKar 
(hu = 1486.6 eV). The electrostatic ana- 
lyzer energy was set at 90 eV. Accumulation 
of the spectra was realized with Tracer 
Northern NS 560 equipment. Gold, evapo- 
rated onto the sample, was used as a 
reference. The reference line was Au 4j7,2 
(hv = 82.8 eV). Spectra were registered 
before and after gold evaporation in order 
to check that the gold evaporation process 
did not modify the sample. Accumulation 
time depends on the samples and on the 
elements. It is approximately between 4 
and 10 min for Au, 10 and 20 min for MO 
and S, and 3 and 12 hr for Co. No change 
was observed among the intensities ob- 
served in successive scanning during the 
accumulation period for Au, MO and S. 
Because of the much longer accumulation 
time for cobalt and the fact that accumula- 
tion took place during the night, we have 
no direct indication concerning cobalt, but 
we have verified that the spectra of the 
other elements are not altered after record- 
ing the Co spectrum. 

The minimum number of hypotheses 
have been used for the decomposition of the 
spectra, which was carried out on an IBM 
computer with a special program. The 
only condition imposed for the MO 3d4, 
MO 3d!, and S 2p; lines is that they have a 
Gaussian form, which is the case with the 
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Fru. 1. Sulfur content as a function of catalyst 
composition. (0) Calculated on the basis of SIOSP 
+ CoySg. ( l ) Experimental. 

equipment used and the conditions of mea- 
surements. For S 2~; and S 2p+, it was 
imposed that the peaks have the same 
width at half-height and be at a distance of 
1.374 eV from each other. Each cobalt 
line has two strong satellites. The distance 
between the peaks is in agreement with 
the values previously reported (8, 13, 14- 
17). The value of the half-width depends 
on the apparatus used. They have been 
determined experimentally on pure Co304 
(17). The same width at half-height was 
imposed to Co 2~; and Co 2~: and the half- 
height width of the second satellite was 
set at 1.44 times that of the first satellite. 
Distances of 6.46 and 6.16 eV were imposed 
between the satellites of Co 2~; and Co 2pt, 
respectively. The baseline was determined 
by the integral method (17). 

The position of the peak is given by the 
computer program as the position of the 
maximum of the Gaussian curve. Repro- 
ducibility of measurements with two differ- 
ent portions of the same sample and com- 
puter decomposition of the curves is better 
than 0.0.5 eV. This good reproducibility 
comes from the use of a platinum plate as a 
support for the sample. 

The intensity of the line is the area under 
the Gaussian curve. 

5. Catalytic Activity llieasurements 

Catalytic activity measurements were 
made, as previously, with a model feed 

containing cyclohexane 70% (by weight) 
and cyclohexene 300/o (by weight), to 
which 5000 ppm thiophene were added. 
Pressure was 30 bar, with a space hourly 
velocity of 20. The Hz (gas NTP)/hydro- 
carbons (liquid) ratio was 600 (1). 

Catalytic activity is expressed as in- 
trinsic (or real) activity, i.e., activity per 
unit surface area of the catalysts. 

For preparation of the samples analyzed 
by XPS, the same conditions were used 
at atmospheric pressure. 

RESULTS 

1. Sulfur Content of the Fresh Catalysts 

Figure 1. is a plot of the total sulfur anal- 
yses of the samples vs the Co/(Co + MO) 
rat’ios. The dotted lint corresponds to the 
theoretical content of a mixture of MO& 
and CogS8. The measured sulfur content is 
always below theoretical. There is a marked 
maximum for sulfur content in the com- 
position range 0.2.5 < 1’ < 0.50. 

2. Specific Surface ilrea 

Specific surface area is plotted vs com- 
position r in Fig. 2. Conspicuous features 
are the strong decrease in surface area 
with cat,alysts containing a small amount 
of cobalt and the maximum in the range 
0.15 < T < 0.50. 

FIG. 2. Sklrface area as a function of catalyst 
composition. 
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3. XPS Results 

XPS spectra indicate that no detectable 
contamination of the samples during their 
transfer from the catalytic reactor to the 
ESCA ecpripment has taken place. There 
is no line corresponding to the sulfate ion 
(19), the line which appears first in con- 
taminated samples, nor is there a signal 
corresponding to the 0 line. Gold deposition 

brings about neither broadening of the 
lines of the other elements, nor detectable 
displacement of these lines with respect to 
one another. We are therefore led to con- 
clude that gold deposition does not perturb 
the surface of the catalysts and that XPS 
data correspond really to the surface of the 
catalyst after they have operated. 

Figure 3 shows an example of a typical 
spectrum. We have illustrated the spec- 
trum of MO, Co, and S recorded for the 
0.30 catalyst. The two peaks MO 3d; and 
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FIG. 4. Binding energy as a function of catalyst 
composition. 

MO 3d+ are well separated. It is the same 
for the Co 2pt and Co 2p; peaks but the 
resolution of the satellites of the second 
peak is not good. For the sulfur, the main 
peak is attributed to the S 2p; level and the 
shoulder, to the S 2p; peak. 

The values obtained correspond fairly 
well to those reported by various authors 
(8-17). However, very marked variations 
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FIG. 6. Hydrogenolysis of thiophene as a frmction 
of time. 

in the position of the lines with composition 
of the catalyst can be observed. Figure A 
indicates a gradual decrease in the binding 
energy of Co 2~; and a more complicat,-d 
variation in the binding energies of No 3tl:, 
MO 3d5, and S 2p;-3. A marked increase in 
t,he binding energies is observed on cata- 
lysts with small Co content, and a minimum 
is observed for 0.15 < r < 0.50. Compari- 
son of the intensities of the XPS lines is 
possible when taking the ratio of the surface 
area of a given peak to that of the S 2p;-i 
peak. Figure 5 is the plot obtained for 
S 2s;, MO 3d;, MO 3d;, and Co 2~3 versus 
composition. There is no special feature 
concerning the latter line; one merely ob- 
serves a regular increasz with cobalt, 
content. The figure suggests a slight de- 

t hours 

FIG. 7. Hydrogenation of oyclohrxenr as a frlnr- 
tion of time. 

t hours 

FIG. S. Isomerizstion of cyclohexane as a function 
of time. 

crease in the intensity of the S 2s: line. 
We do not believe the results to be suffi- 
ciently accurate for giving a real significance 
to this observation. Actually, no such varia- 
tion \vas observed on fully sulfided, sup- 
ported catalysts [Ref. (%I)]. The sigmoidal 
shape of the No lines deserves more 
attention. 

4. Catalytic Actiuitg 

Figures 6, 7, and 8 give typical activity 
variations for catalysts with different, com- 
positions versus time in the hydrogenolysis 
of thiophene, the hydrogenation of cyclo- 
hexenc, and the isomerization of cyclo- 
hexane (high pressure equipment). 

Activities stabilize after a few hours, 5 hr 
in the most unfavorable cases. Stable in- 
trinsic (per unit surface area) activities 
measured after 8 hr are plotted in Figs. 9, 
10, and 11 versus composition of the 
catalyst. 

A general remark is that all types of 
measurements on cobalt-molybdenum sul- 
fide catalysts point to the two conspicuous 
ranges of composition which we had 
already investigated, namely, the low con- 
centration range (T < 0.10) and the syn- 
ergetic range (0.15 < T < 0.50). Almost 
invariably, anomalies are observed in these 
composition ranges. 
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FIG. 9. Stable intrinsic activities in the hydrogenolysis of thiophene. 

Our results concerning sulfur content 
were obtained on fresh samples which had 
not been specially protected against con- 
tact with air. Although we have no indica- 
tion of any loss of SO2 (usually, the forma- 
tion of sulfate ions is observed in ESCA 
on samples contacted with air, and these 
sulfate ions would be weighed together 
with those resulting from reaction with 
aqua regia), some slight error may exist in 
our results. However, this error should be 

similar in all the samples and the shape of 
the curve in Fig. 1 would not be altered. 
Nevertheless not too much emphasis should 
be put on these results, because we presume 
that an important change in sulfur content 
takes place during catalysis. For that 
reason, the corresponding discussion will 
be short. 

It need only be mentioned that both the 
decrease in sulfur content for low cobalt 
concentrations and the increase in the 
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FIG. I 1. Stable intrinsic activities in the isomerization of cyclohexenc. 

synergetic range agree with the observa- 
tions of Furimsky and hmberg (20) on un- 
supported sulfide catalysts prepared by 
another method. The observations are re- 
lated only to the genesis of the sulfide mix- 
tures. WC have no indications, from our 
investigations, on the solid-state chemistry 
of the gencsis of the mixed catalysts which 
could explain the sulfur content anomalies. 

The subsequent discussion will consider, 
separately, the cobalt low concentration 
range and the synergetic range. 

Low Cobalt Concentration 

The cobalt low concentration range is 
characterized by a strong decrease in 
specific surface area, strong anomalies in 
idri~lsic activity, and an increase in ESCA 
binding energies of the MO and S signals. 

Whereas the raw catalytic activities (per 
weight of catalyst) always decrease when 
small amounts of cobalt are present, the 
feature is more complicated when in- 
trinsic activities (per unit surface area) are 
considered. There is a maximum in the 
hydrogcnolysis activity, a strong maximum 
in hydrogenation, and a decrease in isom- 
erization. This indicates that different 
functions, or possibly sites, are involved and 

that the addition of cobalt changes differ- 
ently the balance of the various reactions. 
The observation of a strong maximum in 
hydrogenation compares with a similar 
increase mentioned by Farragher and 
Cossee (22) on WSJNi. The results pre- 
sented by these authors during the dis- 
cussion of their papers as well as our pre- 
vious results (24) suggest that catalysts 
prepared at higher temperatures no longer 
exhibit the strong maximum of the hydro- 
genating activity in the cobalt low concen- 
tration range, but rather a modest increase 
followed by a strong maximum in the 
synergetic range. Thus, the shape of the 
hydrogenation curve is extremely sensitive 
to the preparation temperature. 

On the other hand, the hydrogenolysis 
activity in the low concentration range is 
well below that in the synergetic range 
(Fig. 9). 

The drastic decrease in surface area in 
the low concentration range (Fig. 2) corre- 
sponds to the increased crystallinity of 
MO& previously mentioned (2) and also 
indicated by other authors (22). Similar 
results are obtained with all systems active 
in hydrodesulfurization, i.e., MoSZ or WSZ 
associated with Co, Ni, or Fe (23, 24). The 
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decrease in surface area, however, does not 
agree with observations of other authors 
on unsupported systems prepared by an- 
other method (22). 

The decrease in the relative intensity of 
the MO XPS lines indicates that the surface 
area developed by MO& decreases with 
respect with the total surface area of the 
catalyst. This means that the surface de- 
veloped by Co&38 becomes rapidly signifi- 
cant with respect to that of MO&L 

The increase in binding energy for MO 
and S observed in XPS is most simply in- 
terpreted by a slight modification of the 
formal oxidation state of those elements on 
the surface of the catalysts. We may de- 
scribe the corresponding ions as carrying 
an extra positive charge +E, i.e., Mo4+(+<) 
and S2--(+t). This may correspond to the 
formation of molybdenum partially in the 
Mo5+ state and sulfur in the disulfide 
(S-S)2- form. Expressed this way, these 
results confirm previous findings (25-s?‘). 

We had expressed the hypothesis that 
cobalt entered the MO% lattice in the low 
concentration range (2). This would ex- 
plain the decrease in the c parameter of the 
lattice observed for MO& with CO(~) and 
with Ni (WS), as well as similar phenomena 
observed with similar unsupported hydro- 
desulfurization catalysts (24). A substitu- 
tion of cobalt for molybdenum in the MoSz 
layers is possible, account being taken of 
the size and allowed coordination of the 
cobalt ion (22). If such a substitution 
takes place, it requires electronic rearrange- 
ments, with cobalt and/or molybdenum 
and sulfur ions acquiring higher positive 
charges. The presence of Co4+ seems to be 
detected with magnetic measurements (28). 
The present results give evidence of molyb- 
denum and sulfur ions carrying an extra 
positive charge. All compensation processes 
thus seem to take place. 

The intricate catalytic behavior of the 
catalysts in the low concentration range 
could thus be related to the presence of 
the abnormal surface ions, 

Synergetic Concentration Range 
We shall now discuss the phenomena 

observed for cobalt concentration in the 
range 0.15 < r < 0.50, which corresponds 
to that where the synergetic effect of 
cobalt and molybdenum is observed and 
is the range used in all practical catalysts. 

All previous results by ourselves and 
other authors (1-6, 21, 22, 29) indicate 
that unsupported systems in the synergetic 
range are mainly (if not exclusively) com- 
posed of two distinct sulfided phases, MO& 
and Co&. 

An increase in the specific surface area of 
the cataiyst has been observed in unsup- 
ported cobalt-molybdenum catalysts pre- 
pared by a different method (21). Electron 
microscopic observations indeed indicate a 
loss of crystallinity and a higher dispersion, 
in comparison with the cobalt low concen- 
tration range (24). Similar microscopic ex- 
aminations have been reported on different 
hydrodesulfurization catalysts (22). XPS 
relative intensity measurements, which in- 
dicate a tendency toward an increase in the 
relative partial surface occupied by MO, 
in the synergetic range (compare the slope 
of the curve, very small, with the slope 
which would correspond to a dilution of 
identical particles by another compound, 
which would correspond to a straight line 
pointing to the point r = 1.0, intensity = 0, 
in Fig. 5), also corroborate this finding. 

Catalytic activities in the hydrogenolysis 
of thiophene (hydrodesulfurization) and 
isomerization exhibit a strong maximum, 
when expressed per unit surface area. The 
maximum is still more important when 
activity per unit weight is considered be- 
cause of the higher surface area. In addi- 
tion, the activity in hydrogenation, ex- 
pressed per unit weight of catalyst, also 
exhibits a maximum in the synergetic range 
(Fig. 12), which was not the case if intrinsic 
activity, rather than activity per unit 
weight, was used. 

Our results thus confirm that the maxi- 
mum of activity in the synergetic range has 
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FIG. 12. Hydrogenation of cyclohexene. 

a complex origin, partly as a consequence 
of higher activity per unit surface area and 
partly as a consequence of a higher dcvelop- 
ment of the specific surface area. Our re- 
sults also indicate that activities in hydro- 
genolysis and hydrogenation (and isomeriza- 
tion) do not vary in a parallel way, thus con- 
firming and even giving more weight to 
the observation previously reported. 

Our XPS findings are one of the very few 
clues which are presently available for 
identifying the surface species responsible 
for catalysis. The binding energy of RIO 
decreases in the synergetic range, whereas 
the binding energy of Co remains sub- 
stantially unchanged. This suggests that 
the particular changes undergone by the 
surface during catalysis in the synergetic 
range do not involve Co&S8 but only MO&. 
Actually, this conclusion might seem too 
strong, as the S signal comes both from 
Co&$ and MoS2. However, the behavior 
of the apparent binding energy of S is 
easily explained. For r < 0.4, the majority 
of the sulfur ions (more than 75%) are 
bound to MO, and hence the binding energy 
reflects the properties of MO&. Conversely, 
for large values of r: the behavior of S 
corresponds to that of cobalt sulfide. For 
the intermediate range of composition, one 
could only expect a very modest increase 
in the width of the S line (-0.2 eV) as a 
consequence of two S species, and it is not 
surprising that the experimental data can- 
not prove nor disprove this prediction. 

The decrease in the binding energy of Rio 
and S indicates the presence of an extra 
negative charge (-t) on these ions, i.e., 
Mo4+(-*) and Sz-(-t). It is remarkable that 
the spectra do not indicate the presence 
of several MO species with various charges 
(e.g., the simultaneous presence of Mo4+ 

and Mo3+), but rather of only one type of 
MO, as indicated by the fact that the width 
of the MO lines (Fig. 3) is not increased in 
comparison with that observed with MO&. 
Molybdenum in the working catalyst tends 
toward a lower oxidation state with a 
charge between Mo4+ and Mo3+. The 
presence of lower oxidation states of 
the group Via elements in hydrotreating 
catalysts has already been proposed by 
Voorhoeve (30) on the basis of EPR mea- 
surements. The existence of the same 
species has also been proposed on hydrogen- 
reduced catalysts ($1). However, for the 
first time, it is evidenced on the surface, in a 
state as close as possible to that of working 
catalysts. On the other hand, the increased 
negative charge of the sulfur ion indicates a 
collective behavior of the MO& lattice, 
charges being p artially transferred from 
cations to anions. The semiconducting be- 
havior of MoS2 has been investigated by 
Wise and co-workers (5.2, SS). These 
authors supposed that sulfur vacancies can 
form in the reducing atmosphere prevailing 
during catalysis, possibly producing sul- 
fur vacancies. The present results support 
these views. 

XPS measurements indicate a gradual 
decrease in the binding energy of cobalt. 
This indicates that Co9Ss is superficially 
more reduced in samples with increasing 
cobalt content r. 

The fact that the variations in the 
binding energy of MO and Co are not 
parallel indicates that the two categories of 
ions are independent. This is logical, as no 
mixed phase associating MO and Co were 
observed in sulfided catalysts and, con- 
versely, MO& and Co9Ss (or Co& 035) were 
constantly observed. 
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CONCLUSIONS 

This is the first report of significant 
changes in the XPS spectrum of unsup- 
ported cobalt-molybdenum catalysts. Al- 
though, unfortunately, it has not been 
possible to subject catalysts which have 
operated under pressure to XPS measure- 
ments, our catalysts are certainly much 
more representative to the state of working 
catalysts than those subjected to similar 
physicochemical measurements to date. 
We thus believe that the changes in the 
oxidation state of the surface species ob- 
served might serve as a base for the 
identification of the active centers in the 
various reactions involved in hydrotreating. 

We thank Dr. P. Canesson and Dr. C. Defosse for 
their help in performing and interpreting the XPS 
measurcmcnts. 
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