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A series of CoMo/y-Al,Q; oxide catalysts containing 15.0 + 0.6 wt% of cobalt and molybdenum
oxides (considered as Co,0, and MoO;) and r = Co/(Co + Mo) atomic composition ranging from
0.00 to 1.00 were studied by XPS and diffuse reflectance spectroscopy. These techniques and
previously reported results on electron microscopy show that molybdenum occurs on y-Al,O, as
tetrahedral oxidic Mo(VI) according to the Mo(VI) monolayer model, and also as Mo(V]) in
multilayers having a bulk like MoO; or paramolybdate surrounding. Cobalt is poorly dispersed
when alone (15%) on a y-Al,O, surface; in that case, the formation of Co,;0, clusters is extensive,
and very little CoAlO, is formed. In the r = 0.25-0.75 composition range, a strong interaction
takes place between molybdenum of the monolayer and cobalt, which brings about a high
dispersion of cobalt and seems, in turn, to increase the dispersion of molybdenum. As a
consequence of the dispersion of cobalt, much CoAl,O, is formed. The results, as well as the
properties of the catalysts in the middle range of composition r, are interpreted in terms of a model

of the catalyst surface in which a bilayer of Co-Mo is formed on the CoAlO,.

1. INTRODUCTION

Several models have been proposed for
describing cobalt-molybdenum catalysts
supported on y-Al,O; in their oxidic form,
namely before they are subjected to activa-
tion and to the reacting conditions in hydro-
desulfurization.

The main feature underlying these pic-
tures is the extensive spreading of molyb-
denum oxide on the surface of alumina and
the formation of a monolayer of molybde-
num oxide (/-3) and of Al,(MoO,); (4).

The situation is less clear when the inter-
action of cobalt with the support is consid-
ered. It has been reported that cobalt can
be placed in tetrahedral (5-7) or in octahe-
dral positions (8) or in both (9) on the
alumina surface. The formation of some
CoAl, O, has been also observed (see, for
example, (10-12).

When cobalt and molybdenum are simul-
taneously present on the support, the
results reported in the literature yield a
rather confusing picture. Schuit and Gates
(/) detailed a model based on the existence

of a Mo(VI) monolayer on the alumina
surface, with cobalt(Il) being located in the
alumina superficial layers beneath the
Mo(VI) monolayer. Using a substantially
different approach, Grimblot et al. (13, 14)
gave a detailed description of the surface
species for the various composition ranges;
in particular, they suggest the existence of a
species associating four molybdenum ions
with one of cobalt. On the other hand, the
formation of CoMoO, on y-Al,O, has been
mentioned by Gour et at. (11).

Discrepancies in the conceptions of the
structure of CoMo/Al,O; catalysts can be
explained by the fact that different catalyst
preparation methods were used and also
because physicochemical methods usually
employed only gave partial information
about the catalyst characteristics.

In this work, we have made an attempt to
elucidate the structure of a series of
CoMo/y-Al,O; oxide catalysts, the behav-
ior of which in reduction experiments was
reported elsewhere (/5). In this series, the
catalyst compositions, expressed by the
atomic ratio r = Co/(Co + Mo), change
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from 0.0 to 1.0, the total active phase
content remaining constant.

We report here principally results of X-
ray photoelectron spectrsocopy (XPS) and
diffuse reflectance spectroscopy (DRS). In
the discussion, we shall also recall the
essential results obtained in a previous
study using high-resolution electron mi-
croscopy (SEM and STEM) and high-reso-
lution electron microprobe analysis (/6).

2. EXPERIMENTAL METHODS
2.1. REFERENCE COMPOUNDS

The preparation methods of MoO,
Co;0,, and a-CoMoO, (green) were de-
scribed in a previous paper (/5).

CoAl,O, was prepared by heating a mix-
ture of Co(NOy), - 6H,0 with y-ALO; at
1100°C for 48 hr. Before the high-tempera-
ture treatment, the mixture was progres-
sively heated at 100°C for 4 hr and then at
300°C for 14 hr. X-Ray diffraction gave the
typical spectrum of CoALOQ,.

Commercial Na,MoO, -2H,O, UCB
(p.a.), and (NH,)Mo,;0,, - 4H,0, (APM)
Merck (p.a.), were used.

2.2 CATALYSTS

The catalysts are those previously stud-
ied in reduction experiments (/5). They
were prepared by double impregnation.
Molybdenum was impregnated first and
then, after catalyst calcination, cobalt. The
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details of the preparation method have al-
ready been described (/5). Catalysts are
designated by a symbol indicating the sup-
port, namely, Al (y-Al,O3), followed by the
approximative value of the ratio r
Co/(Co + Mo) (atomic); for example, Al-
0.75 corresponds to r = 0.75. Weight con-
tent of supported oxides (Co;0, + MoQ;) is
15.0 = 0.6% of the total weight of the
catalyst. The samples were in the form of
fine powders.

Color, composition, and surface area of
catalysts are reported in Table 1 (taken
from Ref. (15)).

2.3. X-RAY PHOTOELECTRON
SPECTROSCOPY (XPS)

2.3.1. Equipment

The XPS equipment was a Vacuum Gen-
erator ESCA 2. The excitating radiation
was AlKa (hy = 1486.6 eV). The electro-
static analyzer energy was set at 90 eV. A
Tracor Northern NS 560 signal averager
was used to improve the signal-to-noise
ratio. The samples were dusted onto dou-
ble-sided adhesive tape and introduced into
the preparation chamber. They were left
there for a few minutes at room tempera-
ture under a vacuum of =1 x 10~¢ Torr.

2.3.2. Recording, Decomposition of
Spectra, and BE Determinations

The spectra of the C,,, O, Al,,, Al,,

TABLE 1

Color, Composition, and Surface Area of the CoMo/y-Al,O; Oxidic Catalysts (Table from (/5))

Catalyst Color Percentage (wt) of oxide phases Co: Surface
in the catalyst — area

Co + Mo (m?g™")

MoO, Co,0, MoO; + Co;0,
Al-0.00 White 14.80 0.00 14.80 0.00 109
Al-0.05 Light 13.97 0.45 14.42 0.05 152
violaceous

Al-0.25 Gray-bluish 12.08 2.52 14.54 0.27 125
Al-0.35 Gray-bluish 10.86 3.82 14.68 0.38 123
Al-0.50 Gray-black 9.65 5.96 15.61 0.52 140
Al-0.75 Black 6.03 9.95 15.98 0.75 142
Al-1.00 Black 0.00 14.46 14.46 1.00 111
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Mos,,, Mosq,,, and Cos,,, levels were re-

corded. The order of recording was the
same for all catalysts. The reference line
was Auyg,, (binding energy, BE, = 82.8
eV). It was found that the BE of O, and
Al,, levels is independent of the catalyst
composition; consequently these lines were
also used as references in the determination
of the BE of Mo,; Co,,. The advantages
of the use of the Al,, and O, as reference
lines have been reported by Ogilvie and
Wolberg (/7). The BE of internal refer-
ences (O,, and Al,,) was the average value
of BE calculated from all catalysts taking as
reference Au,., line. Considering that in-
tensity of signal and resolution of our appa-
ratus often decrease after gold deposition,
spectra were recorded before and after gold
evaporation. Thus, BE of Co,, and Mo,,
levels was also determined before gold de-
position, using the internal references. The
estimated accuracy which can be obtained
with our equipment, using internal refer-
ence, is =0.3 eV. In order to reduce the
error associated with carbon contamination
and charging of the sample, the number of
scans per spectrum was limited to a mini-
mum, enough to decompose the spectrum.

The decomposition of the spectra into
their components was performed on an
IBM computer, using a special program. In
one computer program, the background
produced by the inelastically scattered
electrons was assumed to increase linearly
with the BE. In another program, the back-
ground shape was assumed to be ade-
quately reproduced by the normalized inte-
gral of background-free peak. The mean
standard deviation between the experimen-
tal curve and the theoretical one, corre-
sponding to the decomposition of the spec-
tra by the computer, is lower with the
former method; accordingly, we used it
throughout this work.

The following hypotheses or constraints,
consistent with literature data, have been
chosen in the decomposition of spectra: (i)
the shape of the line is gaussian in all
studied spectra (this is the case, with a 95%
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accuracy, with the equipment used, as
shown by computer decomposition); (ii) the
Mos4,,, and Mosg,, peaks have the same
full width at half-maximum (FWHM) (/8);
(iit) the maxima of these lines are separated
by 3.2 eV; and (iv) the ratio of their intensi-
ties (Mosg, , : M3, ,) is 1.54. These two last
values have been determined experimen-
tally from pure MoQjs; the intensity ratio is
higher than the theoretical one [=1.46, cal-
culated from the theoretical photoioniza-
tion cross sections (/9)]. The spectrum of
the Co,,,, level was decomposed into only
one peak and one satellite, placed on the
high BE side. This decomposition is
sufficient, in view of the shape of the line,
and corresponds to literature information
(20, 21). A decomposition in several peaks
would be highly speculative with our appa-
ratus.

2.3.3. Quantitative Chemical Analysis

In order to perform quantitative XPS
analyses, we take as line intensity the area
under the gaussian curve. To facilitate this
task, we take as line intensities of Mo the
sum of intensities of Mosy,, and Moy,
peaks; in the case of cobalt, the intensity
was the sum of intensities of Co,,,, and
satellite peaks. Then, using response
coefficients of the apparatus, we transform
these intensities to their corresponding
atomic intensities, which are proportional
to the number of atoms ‘‘seen’” by XPS.
The atomic intensities are designated in this
study as I,, where x represents the studied
element. Thus, the atomic intensities for
Mo, Co, and Al are I, I,, and I,,, respec-
tively.

The response coefficient of the apparatus
is calculated for each studied element by
experimental calibration using for this pur-
pose model compounds having at least one
common ion. The model substances used in
the calibrations were a-CoMoO,, CoALOQ,,
Na,(SiMo,,04), and CoSO,. These model
compounds were chosen taking into ac-
count their stability at the conditions of
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XPS analysis and their possible presence in
the catalyst. We expected thus, to diminish
side problems, like transformation of the
surface compounds during analysis and the
possible influence of the matrix of solid on
the signal intensity.

The continuous contamination of the
sample surface observed when the analysis
is in progress is a considerable problem in
XPS quantitative measurements. This con-
tamination brings about an inescapable and
continuous decrease of the XPS signal in-
tensities. Therefore, in order to obtain re-
producible results, a strict standardization
of the order of recording is required. We
have estimated that the relative error due to
contamination is no more than 15% if the
standardized procedure is used.

In this work, the amount of ions detected
by XPS is expressed as fraction of atomic
intensities of studied elements. For in-
stance, if Mo, Co, and Al are the elements

Al-000

Al-Q05

Al-Q25

Al-Q35
Al-Q50

MOO3

1 1 1
226 231 236 BE (eV)

Fic. 1. XPS spectra of Mo;, levels of catalysts and
unsupported model compounds.
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789 BE (eV)

Fi1G. 2. XPS spectra of Coz,,m2 level of catalysts and
unsupported model compounds.

considered, the fraction of atomic intensity
of cobalt is Ic,/(Ico + Iy, + I), Which
really corresponds to the atomic fraction of
Co, Mo, and Al ‘‘seen’’ by XPS.

2.4. DIFFUSE REFLECTANCE
SPECTROSCOPY

Spectra (200-1840 nm) of catalysts were
recorded using a Beckman ACTA MIV
spectrophotometer. A pellet of the pure
catalyst support (y-Al,O;) was used as ref-
erence. Pellets of catalyst and reference
were obtained by powder pressing at 1.7
tons/cm?.

3. RESULTS

3.1 XPS

3.1.1. Spectra
Figures 1 and 2 present the spectra of
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Mo, doublet and the Co,,,, line obtained
from catalysts and model compounds.

3.1.2. Exploitation of Data Concerning
Cobalt

In studies of cobalt oxides, the ratio
between the intensity of the Co,,,, line, 1,
and the sum of intensities of /, and its
satellite, I, [1,/(I, + I)], can be used to
identify the presence of high-spin Co(Il)
and of Co,0, on the surfaces (/4, 20, 21).
We have plotted 1,/(I, + I) on Fig. 3a
against the atomic composition of the cata-
lyst. Figure 3a indicates an increase of the
species characterized by high 1,/(I, + I)
ratio with increasing r.

We have also attempted to detect varia-
tions of the BE of the cobalt species. The
small amounts of cobalt present on the
catalyst, the charge effect linked to the low
electrical conductivity of the catalysts and
the moderate resolution of the spectra, intro-
duce some uncertainties in the BE determi-
nation of the Co,,,, level. Therefore, the
determination of the BE of Co,, was re-
peated at least twice. Figures 3b and ¢ are
plots of the corresponding results against
catalyst composition, taking respectively
O, and Al,, as references.

3.1.3. Intensities

In order to gain some information on the
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FiG. 3. I,/(I, + I,) and BE dependencies of Co,y,,
level on atomic composition of catalysts.
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FiG. 4. Dispersion of Co and Mo on the catalyst
surfaces.

distribution of cobalt and molybdenum on
the alumina support, we measured the in-
tensities of the peaks corresponding to the
Coayp,,,» Moy, and Aly, levels (I, Iy,, and
1,,, respectively). In trying to compare the
variations of the intensities of the peaks, we
assumed that they are affected to the same
degree by the presence of oxygen atoms in
the oxides and by the carbon present on the
catalyst surface. Figures 4a and b are the
plots of Iy/(In; + Ico + Ivo), Ino/Uay + Iey +
Ly, and Io/Us + Ic, + Iy,) vs atomic
composition of the catalysts. A minimum in
the Al,, line is observed for 0.25 <r < 0.75;
this corresponds to a modest maximum of
Mo,, and a quite conspicuous maximum of
Coy,,.

3.2 DIFFUSE REFLECTANCE SPECTRA

The spectra of the catalysts and of model
compounds (Co;0,, CoALO,, MoO,,
Na,MoO, - 2H,0), ammonium paramolyb-
date (APM), and a-CoMoO, are presented
in Fig. 5 (200-800 nm) and Fig. 6 (800—1840
nm).
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FiG. 5. Diffuse reflectance spectra of catalysts and
unsupported model compounds.

4, DISCUSSION
4.1. XPS REesuULTS
4.1.1. Identification of Surface Species

Comparing the Mo;,; spectra of the cata-
lysts and those of the model compounds
(Fig. 1) and their BE values, we can assume
that most of the Mo is present as Mo(VI) in
oxidic surroundings. Nevertheless, a con-
spicuous fact is the broadening of the Mo,,
doublet. We do not believe that the poor
separation of the doublet should be attrib-
uted to our apparatus and measurement
conditions, carbon deposition, and charg-
ing effect, as this doublet is well separated
in unsupported a-CoMoQ, and MoO, (Fig.
1) and the broadening appears even when
only one scan is performed. This poor
separation rather suggests the simultaneous
existence of several molybdenum oxidic
species on the surface of the support, hav-
ing slightly different binding energy values.
One of these species is probably the
Mo(VI) monolayer, whose presence is gen-
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erally accepted in this kind of catalyst. the
easy formation of this monolayer on the
AlL,O; surface (/-3) suggests that there
should be a rather strong interaction be-
tween the alumina surface and Mo(VI) (22).

Mo(V) can also be present on such cata-
lysts contributing to a broadening of the
Mo,; doublet. Indeed, this ion has been
detected (actually in very low concentra-
tion) by ESR on Mo/y-Al,O, oxide cata-
lysts prepared by the same method
(23, 24). Some Mo(V) could also be formed
even during XPS measurements. The pres-
ence of Mo(V) would correspond to a shift
in the BE toward lower values.

Finally, as we will see in Section 4.2.1, at
high Mo loading, when Mo(VI) monolayer
is completed, besides a polymolybdate
form, the excess of Mo could form bulk
MoO; or a multilayer of MoO,-like species.
The coexistence of these species in one
catalyst could also contribute to the broad-
ening of the Mo,,; doublet.

Concerning cobalt, the spectra of the
Co,,,, level also exhibit some broadening
(Fig. 2). This can be explained by the
exchange interaction between the unpaired

Coy0,

COA|204

b-CoMoQ,

Al 1100

Al -075
Al -050
Al -035
Al -025
Al -005

Al -000

=

)

| | |
960 1280 1600 nm

FiG. 6. Diffuse reflectance spectra of catalysts and
unsupported model compounds.
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valence electrons and those of the 2p level
(12, 20) and/or by the simultaneous pres-
ence of the Co(II) in octahedral and tetrahe-
dral surroundings having similar BE (25).

XPS measurements yield two kinds of
information concerning cobalt species,
namely, BE and intensity of the satellite of
the Co,,,, line relative to the intensity of
the main peak. As the precision of both
measurements is relatively poor, a careful
comparison with the spectra of model com-
pounds will be used to support the interpre-
tations.

In the case of cobalt compounds, a corre-
lation has been shown to exist between the
paramagnetic properties of cobalt and the
intensity of the Co,,, , ‘‘shake-up’’ satellite;
this correlation has been illustrated by
Borod’ko et al. (21). The higher the effec-
tive magnetic moment, the higher the inten-
sity of the Co,,,, satellite. Let us consider
the model compounds CoAl,0,, a-
CoMoO,, and Co0,0,. In the first two com-
pounds, cobalt is present as Co(II). The BE
values are 781.0 eV for CoAl,O, and 779.7
eV for a-CoMoO,. Both compounds have a
prominent shake-up satellite, with 1,/(I, +
I,) ratios of 0.58 and 0.57, respectively. In
Co;0,, tetrahedral Co(II) and octahedral
Co(IIl) are present in the proportion 1:2;
Co(Ill), being diamagnetic, has no satellite
(19, 20). The corresponding BE is 778.3 eV
and 1,/(I, + 1)) equals 0.82.

In our catalysts, the 1,/(I, + I,) ratio
increases with augmentation of the cobalt
content, whereas the BE of the Co,),,, level
decreases (Figs. 3a and b). This indicates
an increase of the contribution of Co(IIl);
this fact strongly suggests the existence of
Co;0,in Al-0.75 and Al-1.00. However, the
contribution of the paramagnetic cobalt
species remains important even in the Al-
1.00 catalyst ({,/(I, + 1) =0.7 compared
with 0.82 for Co;0,); in addition, the Co,,,,
BE value is far from that of Co,0,. This
indicates that another paramagnetic Co
species is present besides Co;0,. The spec-
tra of the Co,,,, , line (Fig. 2) and the results
shown in Figs. 3a and b strongly suggest the
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presence of Co(Il) species (compare the
characteristics of these catalysts with those
of the CoALO, and a-CoMo00Q,). XPS alone
is not able to give more precise informa-
tion; in Section 4.3.2 we will discuss this
question putting together DRS and XPS
results.

4.1.2. Distribution of the Cobalt and
Molybdenum on the Support

XPS is a good tool in studies of the
dispersion of metals on supports (see Ref.
(26-28)). However, there are some
difficulties in this kind of study (28-30)
such as a diffusion of metal ions into the
support, a heterogeneous distribution of the
metal on the support, and the inescapable
polydispersity of the metal particles (if A is
the mean free path of the analyzed elec-
trons and d is the thickenss of the metal
crystallite, A/d varies from crystallite to
crystallite).

In spite of these limitations, valuable
estimations of ion distribution on support
can be obtained if a proper calibration of
apparatus and a strict control of contamina-
tion are achieved. In addition, these
difficulties are less critical if a series of
catalysts, prepared by the same method,
with the same materials, are comparatively
studied and only one single parameter is
changed continuously. This is the case of
our catalyst series and the variable parame-
ter is the r = Co/(Co + Mo) ratio (Figs. 4a
b).

In our CoMo/y-AlL,O; catalysts, molyb-
denum was deposited first on the y-ALO,
and then cobalt. As the XPS signals come
from a depth of 10-30 A (31), they give a
statistical composition of the corresponding
subsurface domains (the composition of
which might not be constant with depth).
As the total active phase content (Co,0, +
MoQO;) is the same in all catalysts, a de-
crease of the XPS signal of one of the metal
ions (cobalt or molybdenum) can have one
of the following causes: (i) a reduction of
the total amount of the referred metal ion,
1.e., changes in the r = Co/(Co + Mo)
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ratio; (ii) a decrease of its dispersion on the
surface; (iii) an overlying of it by layers of
the second metal ion (or a dissolution in this
layer); (iv) a migration of the referred metal
ion into the support. On the other hand, a
decrease of the Al,, signal indicates that the
support is covered by cobalt and/or molyb-
denum ions.

The dashed line in Fig. 4a corresponds to
the theoretical I,,/(I4 + Ico + Iy, value
which would be observed if cobalt and
molybdenum would retain the same state of
dispersion as they have in Al-0.00 and Al-
1.00 catlaysts. The I,,/(In, + Ico + Iyo)
value reaches a minimum when the compo-
sition of the catalyst is aboutr = 0.50 (Fig.
4a). This means that the uncovered or not
heavily covered y-Al,O, surface increases
and, therefore, that the dispersion of cobalt
or molybdenum or both decreases when
catalysts become richer in cobalt or in
molybdenum.

Figure 4b gives Ic,/(Iy + Ico + Iy)
(curve 1) and Iy, /(15 + I, + Iy,) (curve 2);
the dashed lines have the same significance
as in Fig. 4a. The curve corresponding to
Co indicates that this element is poorly
dispersed when it is present alone on y-
Al,Os.

The spreading of Co on the surface is
dramatically augmented if some molybde-
num oxide is present on y-Al,O;. Actually,
in catalyst Al-1.00, only 3% of all atoms
detected by XPS corresponds to cobalt
atoms (see Fig. 4b, curve 1, at Co/(Co +
Mo) = 1.00). This percentage becomes al-
most three times higher in catalyst Al-0.75,
in spite of the fact that the overall cobalt
content in this latter catalyst is 25% lower
than in the former. In neither case did we
observe the formation of compounds like
CoAlLO, or CoMoO, (see below). This indi-
cates the absence of any significant migra-
tion of cobalt into the support of Al-0.75
and Al-1.00 catalysts. Considering catalyst
Al-0.50 as a reference, the drop of curve 1
(Fig. 4b), observed when r diminishes, can
be attributed mainly to the decrease of the
total content of cobalt, supposing an almost
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constant dispersion. However, the de-
crease is slightly more abrupt than ex-
pected. This would suggest the penetration
of increasing proportions of cobalt into y-
AlLQ, [in this catalyst the formation of the
CoAl,O, has been detected by DRS (see
later)]

The enhancing effect of molybdenum on
cobalt dispersion can be explained in terms
of a strong interaction taking place between
both ions on the surface of the carrier.
Actually, if molybdenum remains strongly
attached to y-Al,O;, forming a Mo(VI)
monolayer, the presence of forces linking
cobalt to molybdenum monolayer could
bring about a cobalt dispersion on the sur-
face. Nevertheless, these forces must be
sufficiently weak as not to detach the mo-
lybdenum from the y-Al,O; surface and
thus to form CoMoO,. This last phenome-
non could take place in a support like SiO,,
where Mo is weakly attached to support
and where the formation of CoMoO, is
observed.

Comparing Al-0.00 and Al-1.00, one no-
tices that molybdenum is more dispersed
than cobalt on y-Al,O,. Indeed, =7.5% of
all atoms detected by XPS corresponds to
molybdenum atoms (see Fig. 4b, curve 2, at
Co/(Co + Mo) = 0.00). This is logical, in
view of the tendency of molybdenum to
spread in the form of a monolayer (/-3). A
new and more surprising fact is the increase
of the dispersion of molybdenum when r
increases. Martinez et al. (32), using
reflectance spectroscopy, observed the
same phenomenon. When trying to inter-
pret this effect, it is not necessary to sup-
pose that the dispersion of molybdenum is
increased when cobalt is present. The same
variation would be observed if a more or
less constant fraction of the surface was
covered by a monolayer of molybdenum in
the 0.00 < r < 0.50 range, with the decrease
of the bulklike MoO, [whose presence in
these catalysts has been detected (see Sec-
tion 4.2.1)], the contribution of which to
XPS signals is presumably smaller. It is
worth to notice that the atomic fraction of
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surface cobalt as seen by the XPS is higher
than that of molybdenum in the catalyst
having r =-0.50.

4.2,
4.2.1. Molybdenum species

DIFFUSE REFLECTANCE SPECTRA

DRS is quite suitable for the identifica-
tion of the coordination symmetry of the
Mo(VI) on the surface of catalysts if a care-
ful comparison is made with the spectra
of typical compounds either in tetrahe-
dral oxidic environment (Na,MoQO, - 2H,0)
or in octahedral oxidic environment (MoO,,
AMP, and a-CoMo0O,) (5, 9, 33, 34).

According to the preparation method em-
ployed in this work, XPS results, and litera-
ture data, most of molybdenum ions in our
catalysts must be in the 6+ oxidation state.
Consequently, 6+ will be the only oxida-
tion state considered in the attribution of
the absorption bands of the catalyst in Fig.
5.

There is a strong broad absorption band
whose maximum is situated between 200
and 300 nm. Its relative intensity dimin-
ishes with increasing cobalt content. Ac-
cording to literature, the bands of octahe-
dral and tetrahedral oxidic forms of Mo(VI)
appear in this region of the spectrum
(charge transfer transitions), namely, octa-
hedral at 290-330 nm, tetrahedral at 250-
280 nm, and both octahedral and tetrahe-
dral at 225-240 nm (9, 33, 35). This is
corroborated by spectra of our model com-
pounds, where Mo(VI) is situated in tetra-
hedral (Na,MoO, - 2H,0) and octahedral
(or near octahedral) surroundings (AMP
and MoO,) (in our case the maximum for
MoO; is slightly shifted to the high wave-
length side). In the catalysts, the maxima of
the absorption bands are clearly situated
between 200 and 280 nm; this fact indicates
the presence of tetrahedral Mo(VI) (com-
pare Al-0.00 and Na,MoO, - 2H,0 spectra).
However, these bands are broader than
expected. This suggests that Mo(VI) in
octahedral and/or distorted octahedral co-
ordination is also present in the catalysts.
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Indeed, the beginning of this band (on the
high wavelength side) lies between 300 and
400 nm, which corresponds to the position
of the absorption band of Mo(VI) close to
octahedral environment (compare spectra
of Al-0.00, MoO,, and APM, Fig. 5). Con-
sidering that the bands of Al-0.00 and APM
begin at nearly the same position (=400
nm), it is reasonable to conclude that, in
our catalysts, the major part of Mo(VI) is
situated in tetrahedral position and a
smaller part is present in a polymolybdate
or bulklike MoO; environment. These
results are well supported by previously
reported results (9, 32-34). In particular
Praliaud and Giordano et al. pointed out
that the relative quantities of the tetrahe-
dral and octahedral Mo(V1) depend on cata-
lyst preparation method, molybdenum con-
tent, and calcination temperature. The
higher the molybdenum content and the
calcination temperature, the higher the
amount of octahedral Mo(VI). Giordano e¢
al. have proposed that the tetrahedral
Mo(VI) absorption band comes from the
structure

This structure would be present on alu-
mina surface at low molybdenum content
and at relative low calcination temperatures
(<500°C). This is in agreement with the
mechanism of formation of Mo(VI) struc-
ture adsorbed on alumina proposed by Du-
faux er al. (36) and with Hall’s model of the
Mo(VI) monolayer. Giordano et al. indi-
cate that these tetrahedral Mo(VI) struc-
tures begin progressively to condense in
polymeric forms, leading to octahedral
polymeric forms of Mo(VI) adsorbed on
Al,O,, when the catalyst becomes richer in
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molybdenum and when the calcination tem-
perature is higher. Thus, at high Mo loading
the occupancy of the octahedral sites of
Al,O; would be an alternative way for the
formation of octahedral Mo(VI).

We think that our results can basically be
interpreted according to Hall’s monolayer
model, where the Mo(VI) is in tetrahedral
oxidic surrounding, and Giordano’s poly-
meric model, in spite of the fact that our
alumina (160 m? g ') could theoretically
accommodate 15-18% of MoQ; as a mono-
layer (the maximum loading of MoO; in the
catalyst is 14.8%). We can assume that at
high Mo loading, besides Mo placed in
some octahedral sites of y-Al,OQs, octahe-
dral Mo(VI) comes from octahedral Mo(VI)
placed in multilayers deposited on the
Mo(VI]) monolayer. In this multilayer struc-
ture, Mo(VI) would have an environment
similar to that in MoO; or in polymolyb-
dates. The actual formation of such aggre-
gates, thicker than a molybdenum mono-
layer, in our catalysts is supported by the
following facts: (i) the presence of such
molybdenum aggregates in our catalyst is
deduced from ESCA (Fig. 4a, curve 2); (ii)
the addition of small amounts of cobalt (for
example in the Al-0.05 catalyst) enhances
the reduction by hydrogen of this type of
catalyst, which is characteristic of the be-
havior of bulk MoO; (/5); (iii) from the
literature it is known that the presence of
such an octahedral Mo(VI) is possible in a
catalyst having a high molybdenum content
(34-36).

4.2.2. Cobalt Species

The broad triple band situated between
500 and 700 nm is due to ligand field transi-
tions of tetrahedral Co(Il) (9, 37-39); it can
be unambiguously assigned to tetradedral
Co(II) in CoAl,O, (compare spectra of our
catalysts and of CoAl,O,, Fig. 5). The in-
tensity of this band (relative to the Mo(VI)
bands) increases when the cobalt content
decreases. This is a quite surprising phe-
nomenon. In catalysts where the presence
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of Co;0, has been observed (r = 0.75-
1.00), the decreasing of the intensity of 500
to 700-nm bands of CoAlL,O, may be merely
explained by an ‘‘obscuring effect’’ of this
band resulting from the superposition of
strong bands of Co,;0, (700-300 nm) (see
later). In catalysts withr = 0.05-0.5, where
Co3;0, has not been observed by XPS,
AEM, and H;, reduction (/5), the increasing
of the 500 to 700-nm band may be reason-
ably explained by a real increase in the
amount of CoALO, in the catalyst (ob-
served when r diminishes) rather than by an
“‘obscuring effect’” of Co,0, bands.

Indeed, recalling the results of the XPS
measurements, where it was shown that
Mo(VI) promotes the dispersion of cobalt,
we can assume that Mo(VI) also promotes
the formation of CoAl,Q,. Thus, it is quite
logical that the penetration of cobalt into -
Al,O; and the formation of CoAl,O, spinel
are favored by a better dispersion of cobalt
on the support, namely by an augmentation
of the contact area between cobalt and the
Mo-ALQO; surface. Because of dispersion
of cobalt alone on y-AlLO; (i.e., Al-1.00
catalyst) is low, the formation of CoAlLQ, is
quite restricted in the catalyst with high
cobalt loading.

The Mo(VI) monolayer could promote
the formation of CoAl,O, not only by in-
creasing the dispersion of cobalt, but also
by a chemical effect; a ternary Co-Mo-
Al,O; surface species being energetically
more favorable could be formed. According
to the monolayer model elaborated by
Schuit and Gates, the penetration of cobalt
into y-Al,O; (beneath Mo(VI) monolayer)
stabilizes this monolayer, expulsing Al**
ions from support to the surface. Lo Jacono
et al. (37) have proposed that Mo(VI)-
Al,O; complex favors the placing of cobalt
ions in its vicinity, forming a spinel-like
structure with the ALO;.

In order to identify other cobalt species
present in the catalyst, let us compare the
absorption bands of model compounds con-
taining cobalt and those of the catalysts.
From Figs. 5 and 6, we can deduce that
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besides tetrahedral Co(II), cobalt is also
present in octahedral Co(III) in oxidic sur-
rounding. Indeed, the spectra of Co;O, and
of the catalysts present the following com-
mon bands which had been assigned to
octahedral Co(IIl): (i) the absorption band
at =400 nm (9, 37, 39, 40); (ii) the absorp-
tion band in the range 650-960 nm, having
an absorption maximum at =700 nm
(37, 39, 40). This band comes out cleanly in
the Al-0.75 and Al-1.00 catalysts, but the
strong triple band of CoAl,O, (at =600 nm)
becomes superposed to it in catalysts withr
< 0.5. In this case, the large 650 to 960-nm
absorption band forms a shoulder (not indi-
cated in our figures because it appears at
the end of this spectrum of Fig. 5 and at the
beginning of the spectrum of Fig. 6), also
observed by Lo Jacono er al. (37) and
El'bert and Tryasunov (38). Lo Jacono at-
tributed it to the presence of the Co;O, and
El'bert to isolated Co(III); (iii) the bands
appearing in the range 1000-1840 nm can be
assigned to both octahedral Co(IIl) and
tetrahedral Co(II) in CoAl,O, surrounding.
Actually, absorption bands of CoAl,O, and
Co,0, are quite similar in this range.

There is no evidence, in the spectra of
Figs. 5 and 6, of the presence of octahedral
Co(ID); nevertheless, it is not possible to
exclude the existence of this species. Actu-
ally, if both tetrahedral and octahedral
Co(II) occur together on the catalyst, the
stronger band of tetrahedral cobalt will
cover the weaker bands of octahedral co-
balt (9).

In the cases of Al-1.00 and Al-0.75, the
assignment of the Co(III) bands is well
corroborated by XPS and previous results
of gravimetric reduction obtained on the
same series of catalysts (/5), which indi-
cated the presence of Co;0, in these solids.
A difficulty in ascribing the Co(III) bands
remains however, as in the other catalysts
(r = 0.05-0.50), we could not detect Co,0,
neither in reduction experiments nor from
the BE and [,/(I, + I,) values in XPS
measurements. We shall propose explana-
tion in the next section.
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4.3. GENERAL PICTURE OF THE OXIDIC
CoMo [y-Al,O; CATALYSTS

Putting together the conclusions of the
two previous sections and those of the
electron microscopy and electron micro-
probe analysis studies (/6), we are in a
position to propose a picture of the oxidic
precursor of CoMo/vy-Al,O; catalysts.

4.3.1. Summary of the Measurements in
Electron Microscopy and Electron
Microprobe Analysis

Let us first recall the results of electron
microscopy and electron microprobe anal-
ysis (/6). Physicochemical methods such as
XPS and DRS give only an overall or
averaged picture of the sample. In contrast,
electron microscopy (SEM, STEM) and
electron microprobe analysis (EMPA), hav-
ing a good resolution, permit the study of
the details of the texture of the sample, to
estimate the distribution of the species on
the catalysts, and to analyze the different
domains present in the solid.

It was possible to differentiate three
kinds of domains in the SEM, STEM, and
EMPA observations of catalysts of our
series:

(a) Domains characterized by aggregates
containing cobalt oxide. The aggregates are
present in all catalysts containing cobalt
and are particularly important in Al-1.00. In
catalysts withr < 0.75, the amount of such
aggregates is very low; their existence is
merely accidental. It was not possible to
detect the existence of Co;0, by gravimet-
ric measurements of reduction by hydrogen
for r < 0.75 (15). These aggregates have a
crystalline structure; electron diffraction
shows the typical pattern of Co;0,.

(b) Molybdenum-calcium aggregates,
where crystallites of CaMoO, were indi-
cated by electron diffraction. In our sys-
tem, the amount of such crystallites is low
and seems to be associated with Ca impuri-
ties.

(c) Domains where neither aggregates
nor crystallites is observed, but where we
can find cobalt and molybdenum. The
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Fic. 7. Electron microprobe analysis (EMPA) of the ‘’dispersed” zone of catalysts (taken from

Ref. (16).

results of the chemical analysis of these
domains, obtained by electron microprobe,
are reported in Fig. 7, taken from Ref. (/6).
This figure indicates that the dispersed co-
balt exists only if molybdenum is present in
a dispersed state.

4.3.2. Co-Mo Bilayer Model of the Oxidic
CoMo /vAl,04 Catalyst

The existence of the molybdenum mono-
layer in Mo/Al,O, catalyst is well docu-
mented (/, 3) and is confirmed by our XPS
and AEM results. The assumption that the
Mo(VI) occupies the tetrahedral sites of the
alumina at low and moderate Mo loading is
based on the DRS spectra.

Reported XPS and AEM results on
CoMo/v-Al,O; catalysts suggest a very
good dispersion of both cobalt and molyb-
denum on the surface. These dispersed
cobalt and molybdenum phases represent
the major part of the cobalt and molybde-
num content of the catalyst. Because of
their large surface area, when they are
present simultaneously, these phases are
responsible for the signals obtained by XPS
and DRS methods. On the other hand, Fig.

4 indicates that the cobalt atomic fraction
‘‘seen”’ by the XPS is higher than that of
Mo at r = 0.5. For this catalyst composi-
tion, part of the cobalt is dissolved on the
Al,O, forming CoAl,Q,. In contrast, Mo
remains at the surface forming a mono-
layer. Therefore, if the amount of Co ions
seen by XPS is higher than Mo ions, it is
highly probable that at least part of Co is
not placed under molybdenum, but rather
on it forming a Co-Mo bilayer. Discrimina-
tion of the analysis due to differences in Ay,
and A, cannot explain this fact. Indeed,
due to Ay, > Ag,, the amount of Mo seen by
XPS might be even higher than cobalt, in
the ideal case when the analyzed sample is
an homogeneous solution of Co, Mo, and
Al,O,.

DRS results suggest that at least part of
the Co in the bilayer is Co(I1l) in octahedral
oxide surrounding (the existence of Co(1I)
in octahedral interstices is not excluded).
Indeed the presence of such ions is ob-
served in all catalysts containing cobalt.
We must remark that in the case of r =
0.05-0.50 catalysts, the signal ascribed to
octahedral Co(IIl) cannot be attributed to
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Co,0,, because such a compound was not
detected in these catalysts (/5). The exist-
ence of octahedral Co(IIl) contradicts the
XPS results. In effect, if this octahedral
Co(1II) exists on top of the Mo(VI) mono-
layer in its low-spin configuration (as in
Co;0,), BE and I,,/ (I, + I,) values of Coy,,,
line (Fig. 3) should be similar to that of
Co0,0, and not similar to that of Co(Il) as is
really observed. This contradiction can be
merely explained considering the existence
of a slight reduction power of the XPS
apparatus as it was observed on unsup-
ported Co;0, (41). Thus, if Co(lll) is
present before XPS analysis, it can be
transformed into Co(II) during analysis.
This could also explain the high proportion
of Co(II) observed in the Al-1.00 catalyst in
spite of the fact that great amounts of Co,0,
were detected in this catalyst by reduction
measurements (/5).

Taking into account the reported experi-
mental results, we may conclude that dis-
persed cobalt and molybdenum form a ‘*bi-
layer”” on the CoAl,O,, cobalt being
situated on the top of the Mo(VI) mono-
layer as octahedral Co(IIl) and Mo(VI)
being located as Mo(VI) in the tetrahedral
sites of the CoAl,O, surface.

4.3.3. Experimental Evidences, Taken
from Literature, Supporting a Bilayer
Model of Co-Mo /y-Al,Os Catalyst

We will now report some important
results obtained by other workers which
can be explained by the proposed bilayer
model of oxidic CoMo/y-Al,O; catalysts.

Moné (42) has reported experimental evi-
dences for the existence of a ‘‘cobalt mo-
lybdate’’ configuration which can be well
assimilated to our “*Co-Mo bilayer.”” Actu-
ally, this author pointed out, by ir and DRS,
the formation of a Lewis site band in the ir
spectrum at 1612 cm™' resulting from a
cobalt-molybdenum monolayer interac-
tion and, concomitantly, the formation of
the CoAlLO,. In this case, the cobalt frac-
tion remaining on the surface forming a
‘‘cobalt molybdate’ configuration would
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depend on the calcination temperature. Ac-
cording to this author, Co occupies a ‘‘top”’
position in such a configuration. He ob-
served the same phenomenon in the Ni-
Mo/y-ALO; catalysts.

Interaction between cobalt and molybde-
num was observed by Ishii et al. (43) using
a MoO, extraction method. These authors
detected the formation of some mixed co-
balt molybdenum oxide on CoMo/y-Al,O4
catalysts which seems to be different from
the unsupported CoO-MoQO; catalyst.

Grimblot et al. (13, 14) have reported the
presence of the ‘‘CoMo,” phases in the
CoMo/y-Al,O; catalysts by reduction
gravimetric and XPS measurements.

Recently, Okamoto et al. (44), using the
same kind of catalysts employed in this
work, observed by XPS a stabilization ef-
fect of cobalt on molybdenum. Thus, co-
balt forbids the molybdenum migration in
CoMo/y-Al,O, catalysts during the hydro-
desulphurization of thiophene performed at
400°C.

The enchancing effect of cobalt on the
dispersion of molybdenum observed on
CoMo/y-Al, O, catalysts by Martinez et al.
(32) may account for a mutual action be-
tween both ions on the surface carrier.

The cobalt-molybdenum interaction on
the Al,O, has been mentioned by Brown et
al. (45). These authors, using Raman spec-
troscopy, pointed out the presence of two
bands (941 and 952 ¢cm™!) in CoMo/y-Al,O;,
which are also present in b-CoMoQO, but
absent in Mo/AlLO; and Co/ALQO;. In our
opinion, this suggests the presence of Co-
Mo interactions in the catalysts, as it is
observed in b-CoMoO, which may be inter-
preted in terms of a Co-Mo bilayer. These
authors indicated that cobalt interacts with
molybdenum via terminal oxygen-molyb-
denum bonds (1006 cm™'). This last fact
supports the hypothesis of the ‘‘top’’ posi-
tion of cobalt on molybdenum monolayer.

The anomalous decrease of the hydrogen
reducibility previously (/5) observed on the
same catalysts used in this work (at r =
0.25-0.50) may also be due to this Co-Mo
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interaction taking place in the Co-Mo ‘‘bi-
layer.”

4.3.4. Species Present on the Surface of
the Catalyst

According to the previous discussion,
five different species exist on the catalysts,
namely Mo in polymolybdate bulklike
MoO; structures, Mo(VI) monolayer, Co-
Mo bilayer, Co;0, crystallites, and
CoAlO,. These species and their evolution
with the r Co/(Co + Mo) ratio are
represented in Fig. 8. In this figure, we
have not considered the CaMoQ, because
its content is low and its formation has an
accidental character.

Naturally, the existence of such species
and their amount in the catalyst will depend
on the catalyst preparation method, active
phase content/alumina surface area ratio,
calcination temperature, and Co/(Co +
Mo) ratio. Thus, for example, the use of
“dry”’ method of impregnation and high
loading, low surface and low temperature
of calcination would increase the probabil-
ity of formation of CoM0O, and decrease
the dispersion of Co and Mo. The amount
of CoAl,O, would increase with calcination
temperature and with the use of a ‘‘wet”
impregnation method.

We now recall the physicochemical char-
acteristics of these species.

—Mo(VI) monolayer on y-Al,O,. In this
monolayer Mo(VI) is present in tetrahedral
environment (at low and moderate loading).

Al1-000 al-025 | AI-080
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—Mo(VI) in multilayer. At high loading
Mo(VI) is present in octahedral MoO,
bulklike or polymolybdate environment.

—Co-Mo bilayer on y-Al,O;. Mo(VI) is
located in tetrahedral oxygen environment,
Co is placed on this monolayer in octahe-
dral oxidic surrounding as Co(III) and prob-
ably Co(II).

—Co0AlL,O,. This compound is formed
below the Mo(VI) monolayer. Co(Il) is
located in tetrahedral environment, giving
the typical blue color to the catalysts.

—Aggregates of Co,0,. These clusters
seem to be essentially composed by Co,0,
in catalysts with r = 0.75-1.00.

CONCLUSION

Finally, we must state three notable con-
sequences emerging from this work:

(i) The reduction anomaly (minimum of
reducibility) observed previously (/5) in
the middle range of catalyst composition
and the Co-Mo oxide interactions
(13, 14, 32, 41-44) can be explained by the
strong interaction between dispersed cobalt
and molybdenum monolayer, placed as a
bilayer on the surface of the catalyst.

(i) Molybdenum monolayer improves
the cobalt dispersion on the catalyst surface
in catalysts prepared by the ‘‘pore volume’’
or “*dry”’ impregnation (method utilized in
this work).

(iii) The high performance of y-Al,O; as
support in hydrodesulfurization catalysts is
now evident. It enhances the molybdenum

Al -075 Al-1.00
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Mo (w1) Tetr in monolayer (at low and moderate Mo loading )
Mo(m1) Oct in multilayer
Co (m) Tetr in CoAlyO4

Co(m) Oct(and Co (m) Oct ?) interacting with the
Mo (x) Tetr monolayer: ( bilayer)

Co(m) Tetr and Co (m ) Oct in Coz04

. Proposed structure of CoMo/y-Al,O, catalysts.
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and cobalt dispersion and simultaneously
the number of contacts between the cobalt
and molybdenum oxide phases. The cobalt
and molybdenum dispersion remains very
high even after activation of catalysts (re-
duction-sulfidation) in hydrodesulfuriza-
tion conditions (46).
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