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Two molybdenum species (i.e., MO interaction species and MOO,) are identified and quantitated 

by Raman spectroscopy for a series of Mo/TiO* catalysts. The MO interaction species is shown to 

increase with MO loading up to 6 wt% MoOi and to level off at higher MO loadings. MOO? is 
detected at 7.5 wt% MoOJ/TiOz and shown to increase linearly with further MO additions. The 
molybdenum speciation determined from Raman data is shown to correlate with ESCA and X-ray 

diffraction measurements. C 1987 Academic Press. Inc. 

INTRODUCTION 

Raman spectroscopy and X-ray photo- 
electron spectroscopy (XPS or ESCA) are 
complementary techniques that are used 
extensively to characterize supported mo- 
lybdenum oxide catalysts. Whereas ESCA 
is valuable for determining molybdenum 
dispersion on the support, studies of MO/ 
A1203 by Zingg ef al. (I) and by Grimblot 
and Payen (2) have shown that ESCA bind- 
ing energy values alone cannot be used to 
distinguish among the various molybdenum 
oxide species sometimes present on these 
catalysts (e.g., Mo03, A12(Mo0J3, MO in- 
teraction species). Brown and Makovsky 
(3, 4) showed, however, that these molyb- 
denum oxide species could be identified by 
Raman spectroscopy. Many subsequent 
Raman studies of Mo/A1203 (5-18), MO/ 
SiOZ (7, 9, l&-20), and Mo/TiOZ (18, 21, 
22) have appeared in the literature. How- 
ever, most of these studies were qualitative 
in nature. Few investigations have em- 
ployed Raman spectroscopy to quantitate 
the species typically found on supported 
molybdenum oxide catalysts (9, 17). 

The major objective of this paper is to 
show the importance of Raman spectros- 
copy for quantitating the molybdenum spe- 
cies present on Mo/Ti02 catalysts. The MO/ 
TiOz system is ideal for conducting a 
quantitative Raman study because TiOz has 

several Raman active modes, providing an 
internal reference for MO intensities. 
Changes in the Raman peaks due to molyb- 
denum species can therefore be assessed 
accurately. Previous quantitative Raman 
studies of supported metal oxide catalysts 
have either relied on absolute peak inten- 
sity measurements (23-27), for which con- 
stant laser power is a necessity for all sam- 
ples, or have introduced a Raman active 
material as an internal reference (9, 17). In 
addition, the present paper will show that 
the speciation determined from Raman data 
is supported by ESCA and X-ray diffrac- 
tion (XRD) measurements. 

EXPERIMENTAL 

Catalyst Preparation 

Degussa TiO* (7 : 3 anatase/rutile, pore 
volume -0.5 cm3/g, BET surface area 54 
m2/g) was ground with mortar and pestle 
after moistening with deionized water and 
drying at 120°C for 8 h. The ground support 
was then sieved to 100 mesh and calcined at 
400°C for 8 h before incipient wetness im- 
pregnation with ammonium heptamolyb- 
date (Fisher Scientific) solutions. The re- 
sulting Mo/TiOz catalysts were then dried 
at 120°C for 16 h followed by calcination in 
air at 500°C for 16 h. The surface area val- 
ues for the various Mo/TiOl catalysts were 
essentially constant and equal to the value 
measured for the Ti02 carrier when cor- 
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rected for the amount of deposited molyb- 
denum. The nomenclature used for the cat- 
alysts is “MO”” where X represents the 
molybdenum loading calculated as wt% 
Mo03. The MO loadings range from 1 to 15 
wt% MOOR. 

Spectral Data Acquisition 

The Raman spectra were recorded on a 
Spex Ramalog spectrometer equipped with 
holographic gratings. The 5145-A line from 
a spectra-Physics Model 165 argon-ion la- 
ser was adjusted so that -50 mW of power 
was measured at the sample. The spectral 
slitwidth was 4 cm-‘, and the scan rate was 

“0.4 cm-‘/sec. A Spex Datamate computer 
was used for data analysis (peak positions 
and peak areas). The peak positions were 
reproducible to &2 cm-i, and the average 
reproducibility in peak area intensity ratios 
was ?7%. The peak areas were calculated 
assuming a linear background. For the MO/ 
TiOz catalysts which contained Mo03, the 
996-cm-’ Moo3 peak sometimes interfered 
with the broad peak for the MO interaction 
species. This interference was minimal for 
the catalysts scanned in air (i.e., ambient 
conditions), and the 996-cm-’ MoOj peak 
was easily subtracted from the peak due to 
the MO interaction species. However, these 
peaks overlapped severely for the catalysts 
scanned in situ after O2 calcination. Thus, 
the area due to the 996-cm-i Moo3 peak 
was calculated by multiplying the measured 
996-cm-l/820-cm-i ratio (0.172) for pure 
Moos by the measured area of the Moos 
820-cm-’ peak for the catalysts. This calcu- 
lated 996-cm-i peak area was then sub- 
tracted from the total area (i.e., area of MO 
interaction species plus Mo03) to give the 
area due to the MO interaction species. 

The catalysts scanned under ambient 
conditions were pressed into 13-mm-diame- 
ter KBr-backed pellets and rotated. In situ 
analyses were carried out in a sample cell 
containing a quartz optical flat. The cata- 
lysts were pressed into 13-mm-diameter 
pellets without backing and attached to a 
rotary feedthrough within the sample cell. 

The sample cell was attached to stainless 
steel vacuum components and could be 
evacuated with a turbomolecular pump, 
flushed with selected gases, heated in a tu- 
bular furnace, and positioned at the en- 
trance optics of the Spex Ramalog spec- 
trometer (25). 

In situ spectra were obtained after the 
following treatment. The catalysts were 
evacuated to -1 mTorr while being heated 
to 400°C (average heating rate 6”Umin). 
Dry oxygen (-760 Torr) was then slowly 
leaked into the cell which enclosed the 
heated catalysts. After -30 min the sample 
cell was again evacuated and subsequently 
backfilled with dry oxygen. The catalysts 
were allowed to sit under these conditions 
for -16 h. The following morning evacua- 
tion and backfilling was again repeated. Af- 
ter treating with the new dose of 02 at 
400°C for an hour, the catalysts were 
cooled to room temperature before spectral 
data acquisition. 

A Diano diffractometer equipped with a 
graphite monochromator and a copper X- 
ray tube was used for XRD data. The X-ray 
tube was operated at 50 kV and 25 mA, and 
the scan rate was 0.4 deg/min (in 28 deg). 
The powdered samples were packed into a 2 
x 2 x 0.2-cm3 hollowed-out plastic slide for 
analysis. Peak areas were measured with a 
planimeter and the average reproducibility 
for a measurement was 25%. 

ESCA spectra were obtained with an 
AEI ES200A electron spectrometer 
equipped with an aluminum anode (Al Kcu 
= 1486.6 eV). The anode was operated at 
12 kV and 22 mA; the base pressure of the 
spectrometer was -5 x 10e8 Torr. The cat- 
alysts were analyzed as powders dusted on 
sticky tape. The spectrometer was inter- 
faced to an AEI DSlOO data system for ac- 
quisition of spectra. The digital data were 
processed with an Apple II plus computer 
for measuring peak areas. At least three de- 
terminations were obtained for each cata- 
lyst, and the average reproducibility in 
peak area intensity ratios was ?3%. ESCA 
peak area intensity ratios (ZmetallZsupport) 
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were used to monitor the extent of metal 
dispersion on the Ti02 support. 

RESULTS AND DISCUSSION 

Figure la shows the Raman spectrum for 
Degussa TiOz. The peaks observed at 197, 
396, 516, and 638 cm-’ are due to the ana- 
tase form of TiOz, while the 448-cm-’ peak 
is indicative of the rutile phase. The weak 
band at -800 cm-’ has been assigned to the 
first overtone of the 396-cm-’ anatase mode 
(28). Figure lb shows the Raman spectrum 
of the Mo4 catalyst scanned under ambient 
conditions. The broad peak centered at 
-960 cm-’ has been attributed to a Mo=O 
stretching mode (15, 21) of a surface mo- 
lybdate species (15, 22) or MO interaction 
species (I). Figure lc shows that in situ cal- 
cination (4OO”C, 16 h) of the Mo4 catalyst 
results in the narrowing of the peak due to 
the MO interaction species and a shift in its 
position to 1002 cm-‘. The Raman peak po- 
sitions of the MO interaction species ob- 
tained for catalysts scanned under both am- 
bient and in situ conditions are listed in 
Table 1. Note that for catalysts scanned un- 
der ambient conditions the peak position of 
the MO interaction species increases in fre- 
quency from 942 cm-’ for the Mol catalyst 
to an average value of 962.5 ? 1.4 cm-’ for 
catalysts with MO loadings r4 wt% Mo03. 
This dependence of peak position on MO 
loading for the MO interaction species is in 
good agreement with previous Raman 
results obtained under ambient conditions 
for Mo/TiOz (21, 22) and Mo/A1203 cata- 
lysts (7, 9-11, 1.5). Recent in situ Raman 
investigations (15, 16, 29) have demon- 
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FIG. 1. Raman spectra of TiOz and a 4 wt’% MoOi/ 
TiOz catalyst after various treatments. (a) Degussa 
TiOz, (b) Mo4 scanned under ambient conditions, (c) 
Mo4 scanned in the Raman cell after 16 h 400°C 0: 
calcination. 

strated that the position of this band is af- 
fected by moisture, and the band shift with 
MO coverage has thus been attributed to the 
extent of hydration of the surface molyb- 
date species which is coverage dependent 
(29). Table 1 shows that after in situ calci- 
nation the position of the peak for the MO 
interaction species shifts to a constant 
value (1000 It 1 cm-‘) for all of the cata- 
lysts. The position of the MO interaction 
species after in situ calcination is consistent 
with the reported value for a 12 wt% MoOl/ 
TiOZ catalyst (30). This shift in peak posi- 
tion to higher frequencies after in situ calci- 
nation has also been reported for similar 

TABLE 1 

Peak Position of MO Interaction Species Observed by Raman Spectroscopy 

Catalyst: MO 1 Mo2 Mo4 MO6 Mo7.5 Mo9 Mo12 MolS 
Ambient”: 942 948 961 -t 0.8 962 963 t 1.2 961 964 964 2 0.2 
In situk 1000 1001 1002 1002 -lOO@ - 1002’ -loo@ 

0 Catalyst pressed into a KBr backed pellet and scanned under ambient conditions. 
h Catalyst pressed without backing and scanned in the Raman cell after - 16 h O2 400°C calcination. 
L MO interaction species peak position has been approximated because of interference due to the 

MOO, peak at 996 cm-‘. 
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supported metal oxide systems: Mo/A1203 60- 

(15, 16, 29), W/A1203 (29, 3Z), Re/A1203 q 0 

(32), V/A1203 (29), and W/Ti02 (29), and 0 
has been attributed to an increase in the 

$ 
p 40- 

terminal M=O bond order, resulting from 2 
. 

the desorption of H20 (15, 16, 29, 31). H 
Figure 2 shows the Raman spectra ob- cI( 

tained under ambient conditions for four 
p zo- 
J 

Mo/TiOz catalysts. Note that catalysts hav- 
ing molybdenum loadings below 7.5 wt% 
Moo3 show only the Raman band charac- 0 I I I 

0 5 10 15 
teristic of MO interaction species (Figs. 2a MO Loading (wt.% -1 

and 2b). The Raman spectra of catalysts 
with MO loadings of 7.5 wt% Moo3 or FIG. 3. Plot of the Raman peak area intensity ratio of 

greater also show the presence of Moo3 
the MO interaction species/TiO* anatase 516-cm-’ vs 

(e.g., peaks at 288, 338, 820, and 996 cm-l 
MO loading for MoiTiOz catalysts. (0) catalysts 
scanned under ambient conditions, (0) catalysts 

in Figs. 2c and 2d). A plot of the MO inter- 
action species/Ti02 anatase 516-cm-’ Ra- 
man peak area ratio as a function of molyb- 
denum loading is shown in Fig. 3 for 
catalysts scanned under both ambient and 
in situ conditions. The intensity ratio values 
are seen to differ for the two cases, particu- 
larly for the 6 wt% MoOJTiOz and 9 wt% 
MoOj/TiOz catalysts. This difference may 
be due to a change in the Raman scattering 
cross section of the MO interaction species 
after dehydration. The dependence of the 
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scanned in situ after 16 h 400°C Oz calcination (I = 
standard deviation, I = the spread from the mean for 
two replications). 

intensity of the MO interaction species on 
the condition of the catalyst (i.e., state of 
hydration) has also been reported for MO/ 
A1203 catalysts (4). The important point to 
note in Fig. 3 is that the intensity of MO 
interaction species follows the same trend 
for both the ambient and in situ cases; it 
increases with MO loading up to -6 wt% 
Moo3 and levels off at higher MO loadings. 
Figure 4 shows a plot of the Moo3 820- 
cm-‘/TiOz anatase 516-cm-’ Raman peak 
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FIG. 4. Plot of the Raman area intensity ratio of 
FIG. 2. Raman spectra of four Mo/TiO* catalysts MoOJTiOz anatase (ZszdZz16) for Mo/Ti02 catalysts. 

scanned under ambient conditions. (a) Mo2, (b) Mo6, Catalysts were scanned under ambient conditions (1 
(c) Mo7.5, (d) Mo12. = standard deviation). 
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area ratios vs MO loading for the Mo/TiO* 
catalysts scanned under ambient condi- 
tions. Moo3 is first observed for the Mo7.5 
catalyst and increases linearly with further 
MO addition. The Moo3 820-cm-‘/TiOz an- 
atase 5 16-cm-’ peak area ratios vs MO load- 
ing also exhibit linear behavior when plot- 
ted for catalysts scanned after in situ 
calcination. However, an increase in the in- 
tensities of both the Moo3 and TiOz bands 
is observed after catalyst dehydration. This 
effect is more pronounced for the Moo3 
820-cm-’ band, and is illustrated by approx- 
imately 50% higher Moo3 820-cm-‘/TiOl 
anatase 516-cm-’ intensity ratios for cata- 
lysts scanned after in situ calcination. 

To estimate the amount of Moo3 present, 
a calibration curve was constructed by plot- 
ting the Moo3 820-cmP’/TiOz anatase 516- 
cm-’ peak area ratios as a function of wt% 
Moo3 for various Mo03/Ti02 physical mix- 
tures, as shown in Fig. 5. The physical mix- 
tures were scanned under ambient condi- 
tions. Linearity is observed up to 12 wt% 
MOO,; the correlation coefficient is 0.997, 
the slope is 0.223, and the intercept is 
0.00112. The calibration curve was used to 
calculate the Moo3 content for the catalysts 
scanned under ambient conditions. The 
amount of molybdenum present as the MO 
interaction species was determined by sub- 
tracting the absolute amount of MoOi 
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FIG. 5. Raman calibration curve for MoOz/TiOz 
physical mixtures. The physical mixtures were 
scanned under ambient conditions t,I = standard devi- 
ation). 
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FIG. 6. Total MO loading minus Moo3 (i.e., calcu- 
lated amount of MO interaction species) for MoiTiO? 
catalysts scanned under ambient conditions. The 
amount of MO interaction species is expressed in terms 
of wt% MOO?. 

present in the Mo7.5 to Mol5 catalysts 
from the total MO loading. The results are 
plotted in Fig. 6 as a function of MO con- 
tent. It can be readily seen that the calcu- 
lated variation in the amount of MO interac- 
tion species (Fig. 6) agrees with the 
observed changes of the Raman peaks char- 
acteristic of MO interaction species as func- 
tion of MO loading (Fig. 3). 

From the quantity of MO interaction spe- 
cies and Moo3 present on the Mo/TiO;! cat- 
alysts, it is possible to calculate their rela- 
tive Raman scattering cross sections. The 
average relative cross section of MOO-~ to 
that of the MO interaction species is 3.6 
(20.4). Baltrus et al. (17) calculated for a 
series of Mo/A1203 catalysts an average 
Moo3 to MO interaction species relative 
Raman cross section of 17 : 1. This suggests 
that the MO : TiOz interaction species has a 
larger Raman scattering cross section than 
the corresponding MO : AllO3 surface 
phase. 

X-ray diffraction was employed to follow 
the variation of the amount of crystalline 
Moo3 as a function of molybdenum loading 
for the Mo/TiOz catalysts. The XRD pat- 
terns for catalysts having molybdenum 
loadings below 7.5 wt% Moo3 show only 
peaks characteristic of the anatase and 
rutile forms of TiOz. Two additional weak 
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peaks at 28 = 23.3 and 49.2 in the XRD 
pattern are easily detected for catalysts 
with higher molybdenum loadings (e.g., 
Mo9-Mo15). Figure 7 shows the variation 
of the Moo3 (1 lO)/TiOz rutile (111) peak 
area intensity ratios for these catalysts (i.e., 
Mo9, Mo12, and MOB) and for a series of 
Mo03/Ti02 physical mixtures. The Mo03/ 
Ti02 calibration curve (Fig. 7) was used to 
estimate the amount of crystalline Moo3 
present for the Mo9-Mo15 catalysts. The 
Mo9, Mo12, Mo15 catalysts were found to 
contain 3.1, 6.2, and 8.8 wt% crystalline 
Mo03, respectively, as illustrated in Figure 
7. Thus, after subtracting the amount of 
crystalline MoOj from the total molybde- 
num content for each catalyst (i.e., Mo9, 
Mo12, Mo15), approximately 6 wt% Moo3 
remains unaccountable by XRD. This is 
consistent with the Raman results; cata- 
lysts with MO loadings 56 wt% MoOj con- 
tain only MO interaction species while cata- 
lysts with MO loadings >6 wt% Moo3 
contain essentially constant amounts of MO 
interaction species (i.e., -6 wt% MOOS) but 
increasing amounts of Mo03. The agree- 
ment between the Raman and XRD results 
also indicates that most of the Moo3 
formed is crystalline. 

ESCA was used to monitor the disper- 
sion of molybdenum on the Ti02 support. 
Figure 8 shows the ESCA MO 3d/Ti 2p peak 
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FIG. 7. XRD MoOj (1 lO)/TiO* rutile (111) peak area 
intensity ratios vs amount of Moo3 (wt% M003) for 
MoOj/TiOz physical mixtures (0) and for Mo9 (O), 
Mo12 (0), and Mo15 (LL) catalysts. 
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FIG. 8. ESCA MO 3d/Ti 2p peak area intensity ratios 
vs MO loading for Mo/Ti02 catalysts (I = standard 
deviation). 

area intensity ratios as a function of molyb- 
denum loading. It can be seen that the MO 
3d/Ti 2p peak area ratios increase linearly 
up to 6 wt% Moo3 and level off for further 
MO additions. It is worth noting the similar- 
ity between the ESCA Mo/Ti intensity ra- 
tios (Fig. 8) and the evolution of the Raman 
peak attributed to MO interaction species 
(Fig. 3) as a function of molybdenum load- 
ing. The linear increase of the ESCA Mo/Ti 
intensity ratios with increasing MO loading 
up to 6 wt% Moo3 is indicative of a uni- 
formly dispersed MO phase; this is consis- 
tent with the presence of MO interaction 
species. Furthermore, the break in the 
ESCA curve and leveling off after 6 wt% 
Moo3 corresponds to a significant decrease 
in MO dispersion. This is consistent with 
the Raman and XRD results which show 
that catalysts with MO loadings >6 wt% 
Moo3 contain essentially constant amounts 
of MO interaction species but increasing 
amounts of MOO+ 

This paper has demonstrated the impor- 
tance of Raman spectroscopy for quantitat- 
ing the molybdenum species present on 
Mo/TiOz catalysts. It must be noted, how- 
ever, that the Mo/TiOz catalyst series 
presents an ideal system for conducting a 
quantitative Raman study for two reasons. 
First, as mentioned previously, the support 
provides an internal reference, and second, 
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only slight color changes occur as the MO ties and Catalysis by Non-Metals” (J. P. Bonnelle 

loading is increased. Changes in the color et a/., Eds.), p. 189. Reidel, Dordrecht, 1983. 

of a catalyst as the metal loading is varied 3. Brown, F. R., and Makovsky, L. E., Appl. Spec- 

may indeed preclude the use of Raman 
trosc. 31, 44 (1977). 

spectroscopy for quantitative analysis (33). 
4. Brown, F. R., Makovsky, L. E., andRhee, K. H.. 

J. Caral. 50, 162 (1977). 

CONCLUSION 

5. Medema, J., van Stam, C., de Beer, V. H. J., 
Konings, A. J. A., and Koningsberger, D. C.. J. 
Catal. 53, 386 (1978). 

The molybdenum speciation (i.e., quan- 6. Jeziorowski, H., and Knozinger, H., J. Phys. 

tity of MO interaction species and MoOJ 
Chem. 83, 1166 (1979). 

was determined for a series of Mo/Ti02 cat- 
7. Cheng, C. P., and Schrader, G. L., J. Caral. 60, 

276 (1979). 
alysts. The MO interaction species was 8. lannibello, A., Marengo, S., and Villa, P. L., 
shown to increase with MO loading up to 6 “Proc. Third Int. Conf. on the Chemistry and 

wt% Moo3 and to level off at higher MO Uses of Molybdenum” (P. C. H. Mitchell and H. 

loadings. Moo3 was detected at a MO load- F. Barry, Eds.), p. 92. Climax Molybdenum Com- 

ing of 7.5 wt% Moo3 and shown to increase 
pany, Ann Arbor, MI, 1979. 

9. Thomas, R., Mittelmeijer-Hazeleger, M. C., 
linearly with further molybdenum addi- Kerkhof, F. P. J. M., Moulijn, J. A., Medema, J.. 
tions. and de Beer, V. H. J., “Proc. Third Int. Conf. on 

X-ray diffraction data provided an inde- the Chemistry and Uses of Molybdenum” (P. C. 

pendent determination of the quantity of H. Mitchell and H. F. Barry, Eds.), p. 85. Climax 

Moo3 present for the MolTiO? catalysts. 
Molybdenum Company, Ann Arbor, Ml, 1979. 

10. Wang, L., and Hall. W. K., J. Cural. 66, 251 
Agreement between the XRD and Raman (1980). 
measurements indicated that most of the 11. Sombret, B.. Dhamelincourt, P., Wallart, F., Mul- 

Moo3 formed is crystalline. ler, A. C., Bouquet, M., and Grosmangin, J., J. 

The ESCA data were shown to correlate Raman Specwosc. 9, 291 (1980). 

with the Raman and XRD results. Specifi- 
12. Dufresne, P., Payen, E., Grimblot, J., and Bon- 

nelle, J. P., J. Phys. Chem. 85, 2344 (1981). 
tally, a MO phase of uniform dispersion 13. Lopez Agudo, A., Gil, F. J., Calleja, J. M., and 
was observed for MO loadings 56 wt% Fernandez, V., J. Raman SpecIrosc. 11, 454 

Mo03, and a decrease in molybdenum dis- (1981). 

persion, consistent with Moo3 formation, 14. Kasztelan, S., Grimblot, J.. Bonnelle, J. P.. 

was found for higher MO loadings. 
Payen, E.. Toulhoat, H. and Jacquin, Y., Appl. 
Catal. 7. 91 (1983). 
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