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A set of Co promoted 10% Mo/AhO3 samples have been characterized by means of Raman 
spectroscopy under ambient as well as in situ dehydrated conditions. Under ambient condi- 
tions, the degree of the polymerization of surface molybdenum oxide species decreases with 
increasing Co loading. Under dehydrated conditions, the polymeric molybdenum oxide species 
is absent with the addition of only 0.2% Co. At low Co loadings (~< 2%), before the formation 
of CoMoO4 compound, the spectral features are very similar under ambient conditions. Dehy- 
dration causes the upward shift of the Mo=O symmetric stretching mode. A broad band 
around 920-930 cm -1 was thus observed. This band has been suggested to be associated with 
the Co-Mo interaction species. In contrast to crystalline CoMoO4, this species shows a reversi- 
bility on H2 reduction--O2 reoxidation treatments. From the results obtained, it is proposed 
that cobalt oxide interacts with the most polymerized molybdenum oxide species to form Co- 
Mo interaction species and/or crystalline CoMoO4; therefore, the amount of the surface 
molybdenum oxide species decreases with a change in the molecular structure as a function of 
the Co concentration. 

Keywords: Interaction; molybdenum oxide; cobalt oxide; alumina; dehydration; Raman 
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1. I n t r o d u c t i o n  

Numerous  investigations using a variety of  experimental techniques for charac- 

terization of  hydrodesulfurizat ion (HDS) catalysts have been reported in litera- 
ture. Among  them, R a m a n  spectroscopy has been proved to be a very powerful 
one. The identification of  surface species for molybdenum oxide precursor (mainly 
on A1203) by R a m a n  spectroscopy was first reported by Brown et al. as early as 
1977 [1]. Subsequently, a number of  studies were conducted on MoO3/A1203, 
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Co-Mo/A1203 in which Raman spectra were used to follow the genesis of surface 
and crystalline species as a function of metal loading, metal impregnation 
sequence, and method of impregnation [2-8]. 

However, most of the previously reported Raman studies were carried out 
under ambient conditions. It is known that Raman technique is highly sensitive to 
the composition and structure of oxidic and sulfided HDS catalysts. Thus, much 
interesting information could be covered or blurred because of the influence of 
ambient conditions. Recently, some in situ Raman studies on supported molybde- 
num oxide were performed [9-14]. Upon dehydration, the symmetric stretching fre- 
quency of the Mo=O bond shifts upward. This frequency difference was 
attributed to a change in structure due to the effect of moisture which is present on 
the oxide support surface under ambient conditions [14]. No characterization stu- 
dies, however, have been reported for the Co promoted MoO3/A1203 system under 
dehydrated conditions. 

It is well known that the optimal catalysts typical for application in HDS have 
composition and loadings as: MoO3 contents near the monolayer capacity and pro- 
moter/(promoter + Mo) ratios r near 0.3 [15]. Raman spectra of these materials 
under ambient conditions were very similar, almost identical to those of unpro- 
moted Mo/A1203 catalysts [2,16-18]. Moreover, the oxide and molybdate of pro- 
moter elements are not normally formed except at high ratios r [15]. Therefore, 
little is known, by Raman spectroscopy, about the interaction between Co promo- 
ter and surface molybdenum oxide species at low ratios r. In this paper, the base- 
line 10 wt% Mo/A1203 sample was prepared near the theoretical Mo monolayer 
coverage. The Raman spectra, presented for the dehydrated Co promoted 10% 
Mo/A1203 samples, will yield more information about the influence of the presence 
of cobalt oxide on molybdenum oxide species. 

The present work deals with the determination of the molecular structure of Co 
promoted 10% Mo/A1203 HDS catalyst oxide precursor under both hydrated 
and dehydrated conditions by Raman spectroscopy. The purpose of this work is to 
reveal the structural change of alumina supported molybdenum oxide as a func- 
tion of cobalt loading. Since most polymeric molybdate species were found to be 
extractable by ammonia solution at a pH above 12.0 [19, 20], characterization of 
the Co-Mo/A1203 system after extraction by ammonia solution can also provide 
useful information for understanding the surface structure of such catalysts. 

2. Experimental 

Sample preparation: A commercial 7-A1203 was used with SBET of 200 m 2 g-l, 
pore volume of 0.51 cm 3 g-l, ground and seived to 100 mesh. 10 wt% Mo/A1203 
sample was prepared by incipient wetness impregnation from aqueous solution of 
ammonium heptamolybdate, followed by drying at 393 K and calcining at 723 K for 
10 h. Co promoted samples were prepared by two-step impregnation from aqueous 
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solution containing the appropriate amounts of Co nitrate. A set of samples were 
prepared based on 10 wt% Mo/A1203 with Co varying from 0.2 up to 6 wt% 
(all concentrations were expressed as wt% metal loading). These samples were 
further dried at 393 K and calcined at 723 K in air for 5 h. 

Raman spectral acquisition: Samples were pressed into self-supporting wafers 
with 13 mm diameter and put into quartz cell which was connected to a gas hand- 
ling system so that the sample could be subjected to various pretreatments. The cell 
was first purged with dry Oz (99.99%) at room temperature, then the temperature 
was incrementally increased in O2 (30 ml/min) to 700 K and kept there for 1 h. 
Afterward, the sample was cooled to room temperature to obtain Raman spectra. 
It was found that the Raman spectra obtained in dry O2 at 700 K are almost exactly 
the same as the spectra obtained after cooling to room temperature, indicating 
that temperature on such scale has very little influence on the spectra recorded. 
Thus, for comparison with the spectra taken under ambient conditions, all our 
spectra shown were collected at room temperature. The redox treatments were 
performed as follows: after dehydration, the sample was reduced at 700 K in HE 
(30 ml/min) for 1 h, then reoxidized at 700 K in 02 for another 1 h. The Raman 
spectra were collected using a Jobin-Yvon U-1000 spectrometer. The 488.0 nm line 
of an argon-ion laser (Spectra Physics) was used as excitation source. The laser 
power at the source was 200 mW. 

Extraction of molybdenum; Extraction of Mo by solubilization was carried out 
by treating 0.5 g samples with 120 ml of 0.3% ammonia (pH 12.6) solution for 0.5 h. 
After filtration the extracted samples were dried at 393 K and further calcined at 
723 Kfor4h.  

3. Results 

Fig. 1 presents the Raman spectra of (0-6)% Co-10% Mo/A1203 samples under 
ambient conditions. The spectrum of the uncalcined wet 10% Mo/A1203 sample 
(fig. 1 a) consists of bands at 940, 879, 555, 359 and 219 cm- 1 which are characteris- 
tic of adsorbed octahedrally coordinated Mo7064 species [7,21,22]. For the cal- 
cined 10% Mo/A12Os sample, the Raman bands are observed at 961,854, 358 and 
210 cm -I. The bands at 961 and 358 cm -1 are attributed to the symmetric stretch- 
ing and bending mode of the Mo=O bond of octahedrally coordinated polymeric 
molybdenum oxide species, respectively [17,18,21-23]. The bands at ,,~ 854 and 210 
cm -1 are ascribed to the Mo-O-Mo asymmetric stretches and Mo-O-Mo defor- 
mations of polymeric molybdenum oxide species [24]. These results indicate that 
10% Mo/A1203 possesses mostly polymeric molybdenum oxide species. With the 
addition of cobalt from 0.2 to 6%, the Raman band of the Mo=O symmetric 
stretching mode decreases and shifts downwards from 961 to ,,~ 947 cm -1 . In addi- 
tion, the bands at 210 and 358 cm -1 also decrease and disappear above 2% Co load- 
ing. At 4% Co loading and higher, a sharp band at 938 cm -1 predominates in the 
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Fig. 1. Raman spectra of (a) uncalcined wet 10% Mo/A1203, (b) 10% Mo/AI203, (c) 0.2% 
C0-10% Mo/A1203, (d) 0.5% C0-10% Mo/A1203, (e) 1% C0--10% Mo/AI203, (f) 2% C0--10% 

Mo/A1203, (g) 4% C0-10% Mo/A1203, (h) 6% C0-10% Mo/A1203 under ambient conditions. 

spectra, together with two weak bands at ,,~ 815 and ,-~ 360 cm -1, which are due to 
crystalline CoMoO4 [25]. Besides, the band in the 850-870 cm -1 region is almost 
invisible in these two spectra. 

The Raman spectra of the same samples under dehydrated conditions are shown 
in fig. 2. The 10%Mo/A1203 sample possesses a sharp Raman band at 1000 cm -1, 
a broad band at ,,~ 866 cm -1, a weak band at N 210 cm -1 and a broad, ill-defined 
band at N 300 cm -1. The 1000 and ~ 300 cm -1 bands have been assigned to the iso- 
lated monooxo molybdenum oxide species. The band at ~ 210 cm -1 is attributed 
to the polymeric molybdenum oxide species [14]. But it is difficult to define other 
bands which might be associated with the polymeric molybdenum oxide species 
because of not so good a signal to noise ratio and a low fraction of this species. The 
broad band observed at ,-~ 866 cm-1 can be ascribed to a regular MoO4 tetrahedron 
due to microcrystalline molybdates formed from small amounts of cationic impuri- 
ties (such as K +, Na +, Ca +, Sr +, or Ba +) present on alumina surface [26]. Spectral 
features are changed with the addition of cobalt oxide. As Co loading increases 
from 0.2 to 6%, the Mo=O stretching mode decreases and shifts downwards from 
1000 to ,,, 987 cm -1. The band at ,,~ 210 cm -1 disappears with the addition of only 
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Fig. 2. Raman spectra of (a) 10% Mo/A1203, (b) 0.2% Co-10% Mo/AlzO3, (c) 0.5% Co-10% 
Mo/A1203, (d) 1% Co-10% Mo/A1203, (e) 2% Co-10% Mo/A1203, (f) 4% Co-10% Mo/A1203, (g) 

0 0 6'/0 Co-10 % Mo/A1203 under dehydrated conditions. 

0.2% Co. In the 0.2-2% Co concentration region, a broad Raman band appears at 
927 cm-1 and becomes more pronounced with increasing Co loading. This broad 

band is probably being overlapped by the Mo=O stretching band under hydrated 
conditions. At 4 and 6% Co loadings, a sharp band at 932 cm -1 shows up, together 
with two weak bands at ~ 814 and ,,~ 360 cm -1, which are due to the presence of 
crystalline CoMoO4. The small frequency difference for crystalline CoMoO4 under 
hydrated and dehydrated conditions might be associated with the change in posi- 
tion of the Mo--O symmetric stretching mode. The results presented above propose 
that the broad band around 920-930 cm -1 at low Co loadings ( ~< 2%) is most likely 
associated with cobalt and molybdenum oxide interaction species. 

It is noted for the 4 and 6% Co-10% Mo/AlzO3 samples that, after dehydra- 
tion, the Raman band in the 850-870 cm -1 region becomes observable. Dehydra- 
tion may change the Raman cross sections of the hydrated molybdate species. In 
MoO3/SiO2 system, the Raman cross section of the dehydrated molybdate surface 
species has been proposed to be much smaller than the cross section of the 
hydrated molybdenum oxide cluster [27]. However, in this work, the Raman cross 
section of the dehydrated molybdate species appears to be higher than that of the 
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hydrated molybdate species. It is argued that the 850-870 cm -1 band observed 
under hydrated conditions which is assigned to the Mo-O-Mo asymmetric stretch- 
ing mode should be absent after dehydration [14,24], while in the same region, the 
band due to microcrystalline molybdates should be unaffected by the moisture [26]. 
Comparison of the spectra presented in figs. 1 and 2 reveals the difference as a func- 
tion of Co loading under hydrated and dehydrated conditions. The 850-870 cm -1 
band due to the Mo-O-Mo asymmetric stretching mode under ambient conditions 
decreases with increasing Co loading and almost disappears at 4% Co loading, 
which is accompanied by the decrease of the terminal Mo=O stretching band. On 
the other hand, the 850-870 cm -1 band due to microcrystalline molybdates 
observed under dehydrated conditions is little affected by the presence of Co oxide. 
Thus, it is proposed that the Raman cross section of the dehydrated microcrystal- 
line molybdates is much higher than the cross section of the hydrated microcrystal- 
line molybdates. The fact that only the relative intensity in the 850-870 cm -1 
region is greatly affected by the moisture can be accounted for by the presence of 
two bands due to two types of surface molybdate species which possess different 
Raman cross sections under hydrated and dehydrated conditions. 

Fig. 3 shows the Raman spectra of the 2 and 4% Co-10% Mo/A1203 samples 
before and after reduction-reoxidation treatments under dehydrated conditions. 
No significant change was observed for the spectra of 2% Co-10% Mo/A1203, indi- 
cating the reversibility of surface species upon redox treatments. On the contrary, 
a change in the spectral feature of 4% Co-10% Mo/A1203 occurs after the redox 
treatments. Simultaneously with the intensity decrease at 932 cm -1, a new band 
appears at ,-~ 692 cm -1, which is due to COA1204 and/or Co304 [28]. This result 
shows that crystalline CoMoO4 is unstable upon hydrogen treatments, with some 
octahedrally coordinated Co ions in the CoMoO4 structure transforming into tet- 
rahedrally coordinated Co ions in COA1204 and/or Co304. The different behaviors 
of these two samples on redox treatments suggest that the Co-Mo interaction spe- 
cies might be a highly dispersed phase. 

927 

600 

932 

700 800 900 1000 1100 600 700 800 900 1000 1100 

cm -1 

Fig. 3. Raman spectra of the dehydrated (a, a') 2% C0-10% Mo/A1203 and (b, b') 4% C0-10% 
Mo/A1203 before and after H2 reduction and 02 reoxidation treatments, respectively. 
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Fig. 4. Raman spectra of the extracted (0, 0.5, 1, 2, 4)% Co-10% Mo/AI203 samples taken under 
ambient (a, b, c, d, e) and dehydrated (a', b', c', d ', e') conditions, respectively. 

Fig. 4 shows the Raman spectra of the samples after extraction by ammonia solu- 
tion. The spectral features taken under ambient conditions are very similar, as 
shown in figs. 4a-4e. As compared to the corresponding unextracted samples, the 
Raman band of the Mo=O symmetric stretching mode decreases and shifts 10-17 
cm -1 downwards, and the band at 210 cm-]due to polymeric molybdenum oxide 
species is absent. Additionally, the ~ 854 and ~ 320 cm -I bands are observed in all 
these spectra. The broad weak band at ~ 320 cm -1 is due to the Mo-O bending 
mode of isolated and tetrahedrally coordinated MoO4 a- species [7,22]. The sharp 
band at 938 cm -1 for 4% Co-10% Mo/A1203 is absent after extraction, indicating 
the disruption of the molecular structure of crystalline CoMoO4. The Raman spec- 
tra of the extracted samples after dehydration are presented in figs. 4a~-4eq All 
the spectra exhibit a sharp band in the Mo=O stretching region at 995-990 cm -1 
and a possibly very weak band at ~ 300 cm -1, which are due to the monooxo 
molybdenum oxide species. The Raman bands in 920-940 cm -1 region which are 
associated with Co-Mo interaction species and CoMoO4 crystallites decrease 
greatly and shift downwards to relatively lower positions as compared to the corre- 
sponding unextracted samples. 

4. D i scuss ion  

The molecular structures of supported molybdenum oxides have been studied 
extensively under ambient conditions with Raman techniques. For the 
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MoO3/A1203 system, it is now generally accepted that at low Mo loadings a 
hydrated tetrahedrally coordinated MoO 2- species and at higher Mo loadings 
hydrated polymolybdate species are present [10,29]. In all cases, the Raman fre- 
quency of the Mo=O symmetric stretching mode increases with Mo coverage, so 
does the degree of the polymerization of the surface molybdenum oxide species. 
The results presented above indicate that the Raman bands due to the polymeric 
molybdenum oxide species decrease with increasing Co loading. Additionally, the 
symmetric stretching mode of the terminal Mo=O bond shifts downwards from 
961 to 947 cm -1. This behavior is similar to that of decreasing molybdenum oxide 
coverage on alumina surface. The degree of polymerization of the molybdenum 
oxide species is therefore a function of Co content, so is the molecular structure. 

Under dehydrated conditions, three surface molybdenum oxide species are pre- 
sent on 10% Mo/A1203, i.e., the isolated monooxo molybdenum oxide species, the 
octahedrally coordinated polymeric molybdenum oxide clusters and the microcrys- 
talline molybdates formed from cationic impurities. The polymeric molybdenum 
oxide species disappears with the addition of only 0.2% Co. Subsequently, the 
Mo=O symmetric stretching band decreases and shifts downwards with increasing 
Co loading. This result is also consistent with that of decreasing molybdenum 
oxide coverage as discussed above. Meanwhile a broad band becomes more pro- 
nounced at -,~ 927 cm -1 with increasing Co loading and finally a sharp band 
appears at 932 cm -1 at 4% Co and higher. Taking into account the previously 
reported EXAFS results that Co had very little effect on the local structure around 
the Mo atoms [16], the current results suggest that cobalt oxide might first interact 
with the most polymerized molybdenum oxide species to form Co-Mo interaction 
species. The broadening of the ~ 927 cm -1 band indicates that we are not dealing 
with well-defined molybdenum compounds. Therefore a normal formula could not 
suit the structure of this species. However, its frequency shows a resemblance to 
that of crystalline CoMoO4. In CoMoO4, the structure of the molybdates is that of 
distorted octahedra, and Mo octahedra are bridged by Co octahedra [2]. This 
resemblance in the band position suggests that the Co-Mo interaction species has a 
two- and/or three-dimensional structure with Mo octahedra being bridged by Co 
octahedra in the cluster. As a result of the structure similarity, the frequency of the 
Co-Mo interaction species should tend to agree with that of crystalline CoMoO4. 
When Co loading is high enough to reach an appropriate concentration, these iso- 
lated Co-Mo clusters would aggregate together to form CoMoO4 compound. 
Even a higher calcination temperature would give rise to aggregation of these iso- 
lated clusters to form crystalline CoMoO4, as evidenced by some other experimen- 
tal results [21]. This interpretation would also be compatible with the proposed 
distorted polymolybdate in which Co ions in calcined catalysts are located in highly 
disordered phase [16]. 

Recently, a model has been put forward to explain the surface structures of sup- 
ported metal oxides under ambient conditions [24,30]. It has been proposed that 
the surface of the oxide support is hydrated and the surface metal oxides are essen- 
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tially in an aqueous medium. Consequently, the structure of the metal oxide fol- 
lows the metal oxide aqueous chemistry as a function of the net pH at the point of 
zero charge (PZC) and the metal oxide concentration. Since cobalt oxide is basic in 
character [31], the presence of cobalt oxide should increase the pH at PZC of the 
hydrated surface. This will result in the decrease of the degree of polymerization of 
the molybdenum oxide species. The current results for Co promoted molybdenum 
oxide species appear to be consistent with the net surface pH in the PZC model. It 
might be coincidental that cobalt oxide interacts with the most polymerized 
molybdenum oxide species to form Co-Mo interaction species and/or C o M o O 4  

crystallites. 
Extraction by ammonia solution at a pH above 12.0 greatly decreases the Mo 

coverage on alumina surface and thus changes the molecular structure of the 
Co-Mo/A1203 catalysts. The extracted samples contain a higher fraction of tetra- 
hedrally coordinated molybdenum oxide species, as evidenced by the broad band 
at ,-~ 320 c m -1. This can also be explained by the increase of the net surface pH at 
PZC because of the adsorption of NHaOH on the hydrated surface. In this case, the 
Co ions on the surface after extraction should associate with the remained less 
polymerized molybdenum oxide species, thus resulting in a shift of the band of the 
Co-Mo interaction species to a relatively lower position as compared to their corre- 
sponding unextracted samples. 
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