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A Comparison of Oxidation Activities and Structures of MO Oxides 
Highly Dispersed on Group IV Oxide Supports 

A number of workers have studied sup- 
port effects on MO oxide catalysts. Re- 
cently, FTIR and laser Raman studies have 
revealed the presence of molybdate species 
highly dispersed on oxide supports (1-9). 
These polymolybdates or molybdate on 
supports play an important role in desulfur- 
ization, metathesis, and oxidation reac- 
tions. We have recently reported the char- 
acterization and the catalytic activities of 
such polymolybdates on TiOz (5), SiO (6), 
and ZrO;, (9). In this note the natures of MO 
oxides dispersed on Group IV oxide sup- 
ports have been compared and the correla- 
tion between surface molybdate and the ox- 
idation activity has been discussed. 

The MO oxide catalysts supported on 
SiOz, Ti02, Zr02, and GeOz were prepared 
by an impregnation method as reported pre- 
viously (5, 6, 9). Those catalysts were 
dried at 723 K for lo-22 h. MO contents 
ranged from 0.5 to 10 at.% (Mo(O.S)M to 
Mo(lO)M, M = SiOz, Ge02, TiOz, or Zr02). 
Ge02 was obtained by hydrolysis of GeC14 
in cold water at around 273 K and dried 
precipitates were heated at 723 K for 4 h. 
Details of the preparation methods of cata- 
lysts were described previously (5, 6, 9). 

The X-ray diffraction patterns were ob- 
tained by a Rigaku Denki RAD-rA diffrac- 
tometer using CuKcr radiation. A step- 
scanning method was applied to the 
quantitative analysis. The IR and Raman 
spectra of catalysts were recorded on a 
Shimadzu FTIR 4000 or a JASCO NR-1000 
laser Raman spectrometer. Photolumines- 
cence and excitation spectra were mea- 
sured by a Shimadzu RF-501 spectro- 
fluorophotometer with color filters to elimi- 
nate scattered light at 77 K. These experi- 

mental procedures were also reported 
previously (5, 6, 9). The oxidative de- 
hydrogenation of ethanol was carried out 
using a closed circulation system at 453 K. 
One to five square meters of catalyst was 
used. The products at 453 K were mainly 
ethanal and a trace of COz and ethyl acetate. 
In order to obtain initial rates, conversions 
were kept below ca. 5% for each catalyst. 

The rates of oxidative dehydrogenation 
of ethanol on Mo-Ge and Mo-Sn together 
with previous results for Mo-Si (6), Mo-Ti 
(5), and Mo-Zr (9) are shown in Table 1. 
The selectivities to CH$HO were ca. 90- 
95% over all the catalysts. Mo-Si and Mo- 
Ge oxides showed low activities. On the 
other hand, Mo-Zr, Mo-Ti, and Mo-Sn 
oxides showed high activities and they in- 
creased with increasing MO loadings up to 
5-10 at.% of MO. The rates on Mo-Ti and 
Mo-Zr oxide are roughly 20-40 times 
larger than those on Mo-Si and Mo-Ge ox- 
ide . 

The amounts of crystalline Moo3 and 
noncrystalline MO oxide on Mo-Ge and on 
Mo-Sn oxides were estimated by a com- 
parison of the XRD intensities of the cata- 
lysts and those in the corresponding physi- 
cal mixtures of MOOR and support oxides by 
using the method previously applied (5, 6, 
9). Diffraction lines such as (020), (llO), 
(040), and (021) were integrated at 0.05 in- 
tervals of the diffraction angles for 20 s, 
increasing the signal-to-noise ratio. The 
fractions of crystalline Moo3 were calcu- 
lated by using several diffraction lines and 
are shown in Table 1. 

The concentrations of noncrystalline MO 
oxide per surface area are also listed in 
Table 1. The crystalline Moo3 showed 
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TABLE 1 

Estimation of Noncrystalline MO Oxides and Catalytic Activities 

Catalyst 
(at.%) 

Surface 
area 

W g-9 

Fraction of 
crystalline 
Moor (%) 

Surface 
concn. of 

noncrystalline 
MO oxide 

(pm01 n--r) 

Rate of 
conv. (pm01 
m-* miner)@ 

Rate of 
MO oxide 
(min-‘)b 

SiOi 41 - - 0.00 
Mo(O.S)-Sic 41 0 2.0 0.05 0.02 
MO(l)-Sic 41 24 3.1 0.23 0.08 
MO(~)-W 40 90 1.0 0.05 0.05 
Ge02 10-15 - - 0.004 
Mo( I)-Ge 11 52 3.6 0.18 0.05 
Mo(l.9)~Ge 9.5 90 2 0.10 0.05 
TiOZd 45 - - 0.22 
MO(l)-Tid 45 0 2.6 1.1 0.42 
Mo(2.8)-Tid 43 0 8.1 4.6 0.6 
Mo(5.8)-Tid 41 12 15 6.9 0.46 
ZrOr’ 50-70 - - 0.005 
Mo( I)-Zre 47 0 1.7 0.17 0.1 
Mo(3)-Zre 52 0 4.7 4.7 0.5 
MO(S)-Zre 70 0 5.8 5.8 1.2 
Mo(lO)-Zre 70 22 8.9 8.9 1.0 
SnOr 48 0.53 

Mo(lO)-Sn 33 0 36 3.3 (8) 
Moor 2 100 13 0.8 0.06 

Note. p(EtOH) = 6 Torr, ~(0~) = 30 Torr (1 Torr = 133 Pa); Temp 453 K. 
a Rate per surface area. 
b Rates are divided by the amount of surface noncrystalline MO oxide. 
c Reference (6). 
d Reference (5). 
c Reference (9). 

sharp XRD lines with narrow half-widths, 
indicating generally that particle sizes of 
Moo3 are above ca. 100 nm (10). Although 
there are some errors in the calculation of 
the surface concentration of noncrystalline 
MO oxide, the amount of noncrystalline MO 
oxide on $02 seems to pass through a 
slight maximum, while the same species on 
Ti02 and on ZrOz increased with increasing 
MO loadings. Assuming 13 pmol/m2 as a 
monolayer of Mo03, SiOz and Ge02 are 
covered with MoOJ at a maximum of 15- 
30%, while TiO:! and ZrOz are covered at 
70-100%. The results suggest that in the 
case of SiOz and GeOz, MO oxide favors 
crystallization to Moo3 at low MO loadings, 

while on TiOz and ZrOz MO oxide does not 
crystallize to MOO, until the formation of 
ca. one monolayer. Similar findings have 
been reported by Frausen et al. (11). With 
SnOz support, a large amount of noncrys- 
talline MO oxide is found. As reported pre- 
viously (22), the presence of Sn ions sup- 
pressed the crystallization of MO oxide. 
Similar results were also obtained for the 
Sb-Sn oxide system (13). 

Both IR and Raman bands of various cat- 
alysts together with previous results are 
listed in Table 2. MO(l)-Ge showed the 
bands due to the crystalline Mo03. We 
could not observe the IR and Raman bands 
of polymolybdate species because of severe 
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TABLE 2 

IR and Raman Bands (cm-l) of the Catalysts 
Calcined at 723 K 

Catalyst IR Raman 

Mo(O.S)-Si 993,a 970-940 997," 980 (broad) 
925-900 

Mo( l)-Si 

Mo(3)-Si 
MO(~)-& 

993," 970-940 997," 980 (broad) 
880," 925-900 820" 
993," 880" 997,' 820" 
965(Ge), 880(Ge) 995," 975(Ge), 880(Ge) 

820" 
Mo( I)-Ti - 950 
Mo(2.8)-Ti 950, 905 975 
Mo(5.8)-Ti 995," 950, 905 997,"980,820" 
Mo( I)-Zr 935 925, 870 
MO(~)-Zr 950 935, 875 
MO(~)-Zr 950, 870 950, 890 
Mo(lO)-Zr 995," 965, 905 997," 960 
Mo(lO)-So 960 997," 970, 820" 

y The bands due to crystalline MoOl. (Ge), GeO?. 

overlapping of Ge02 and MO oxide bands. 
With Mo(lO)-Sn catalyst, the IR bands are 
found at 960 cm-’ and the Raman bands at 
970 cm-’ as well as those of MOO+ The 
band at ca. 895 cm-i due to tetrahedral MO 
species (14) could not be observed. As 
shown in Table 2, some catalysts exhibit 
Raman bands due to the crystalline MO ox- 
ide. It has been reported that the crystalline 
phase is considerably more Raman active 
than the surface phases (15). Therefore, the 
amount of crystalline Moo3 in MO(l)-Si, 
Mo(2.8)-Ti, and Mo(lO)-Sn catalysts may 
be very small. 

IR and Raman studies have not discrim- 
inated whether surface MO species are tet- 
rahedral MO species or octahedral poly- 
molybdate. It has been reported (6, 16, 17) 
that tetrahedrally coordinated MO species 

;>Mo<;I on supports exhibit a max- 

imum in the excitation at 260-280 nm and in 
the emission at 460-490 nm which has been 
attributed to the charge-transfer process 
[(Mo6+=02-) $;;, (Mo5+=O-)*I. Tetra- 
hedral MO ions in the Mo-Si oxides con- 
taining 0.5-3 at.% MO have been estimated 
from the emission spectra at 480 nm and the 
excitation at 290 nm. It has been implied that 
the intensity of the photoluminescence of 
the Mo-Si oxide is proportional to the con- 

centration of tetrahedral MO ions as re- 
ported previously (6, 17). The fractions of 
tetrahedral MO ions in Mo(O.S)-Si, MO(~)- 
Si, and Mo(3)-Si oxide have been esti- 
mated as ca. 25-70, 6-15, and 2-3%, re- 
spectively, from a comparison of the 
photoluminescence intensities between 
these catalysts and MO oxide grafted onto 
SiO2 which seems to contain only isolated 
tetrahedral MO species (6). 

Similar methods were applied to the Mo- 
Zr, Mo-Ti, and Mo-Ge systems. As shown 
in Fig. 1, with MO(l)-Zr and MO(l)-Ge, 
weak emission maxima at around 490 nm 
and excitation maxima at around 290 nm 
were observed. These bands seem to origi- 
nate from the presence of isolated tetrahe- 
dral MO species as in the Mo-Si system (6). 
These intensities are very weak compared 
to those of Mo-Si oxide. If a comparison 
may be allowed under the assumption of 
equal probability in radiationless deactiva- 
tion from charge-transfer excited states be- 
tween these systems, the concentration of 
tetrahedral MO species on MO(l)-Ge and 
MO(l)-Zr is below 1%. In the case of Mo- 
Ti catalysts, the spectra of MO species 

Wavelengthlnm 

FIG. 1. Photoluminescence spectra of catalysts. (a) 
MO(~)-Si, (b) MO(~)-Ge, (c) MO(~)-Zr. Photolumines- 
cence spectra were measured by 280-nm excitation at 
77 K. 
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TABLE 3 

Some Properties of Group IV Oxides and Their Cations 

support 

SiOr 
GeOz 
Ti02 
ZrOz 
SnO* 
Isolated 

molybdate 
Polymolybdate 

Crystal Coordination Ionic Surface Isolated 
type number of radiusa (pm) polymolybdate tetrahedral 

cation formation molybdate 

Amorphous 4 38 +c + 
Low quartz 4 54 
Anatase 6 60 +++ 
Monoclinic 76 77 +++ 
Rutile 6 71 +++ 

4 60 

6 60 

L? By Goldschmidt. 
b See Ref. (18). 
c Denotes the extent of formation. 

could not be obtained because of the UV 
absorption overlap due to TiOz itself. 

As just described above, Mo-Ti and Mo- 
Zr oxides contain a large amount of non- 
crystalline MO oxides. Considering that tet- 
rahedral MO species on MO(l)-Zr is below 
1% of MO species, with Mo(3)-Zr to 
Mo(lO)-Zr oxide major species seem to be 
polymolybdate. The same situation seems 
to be applicable for Mo-Ti oxides. With 
Mo-Si oxide, a large amount of isolated tet- 
rahedral MO species and a small amount of 
polymolybdate and crystalline Moo3 are 
confirmed on SiOz. Considering that only 
H-30% of the surface is covered with non- 
crystalline MO oxide, it is suggested that 
the interaction of MO oxide with SiOz is sig- 
nificantly different from that with TiOz or 
ZrO2. 

Table 3 shows some properties of sup- 
port oxides and their cations together with 
MO species. The structures of both crystal- 
line modifications of silica and amorphous 
silica can be visualized as a network of 
interlinked Si04 tetrahedra. Their cation 
sizes are 40-50 pm. The structures of both 
Ti02 and ZrOz, which are very effective 
supports for polymolybdate formation, are 
octahedrally or heptahedrally (28) coordi- 
nated. Their cation sizes are 60-80 pm. 
Mo6+ ions of polymolybdate are probably 

coordinated octahedrally and its size is ca. 
60 pm. The coordination and sizes of Mo6+ 
resemble those of Ti02 and ZrOz rather 
than that of SiO2. As described above, TiOz 
and ZrO,? are favorable for formation of oc- 
tahedral polymolybdate up to 5-10 at.% of 
MO, i.e., ca. one monolayer. Si02 is favor- 
able for formation of isolated tetrahedral 
MO species at low MO content and makes 
the crystalline Moo3 rather than octahedral 
polymolybdate at higher MO content. Ac- 
cording to these situations, Sn02 support 
resembles Ti02 and Zr02 and Ge02 support 
resemble SiOz. 

Since samples of parent GeOz, Ti02, and 
Zr02 showed low activity for ethanol oxida- 
tion, as shown in Table 1, it is apparent that 
molybdenum ions act as active sites for oxi- 
dation reaction. In this work, three types of 
MO oxides, i.e., isolated tetrahedral spe- 
cies, polymolybdate, and crystalline Mo03, 
have been found in the catalysts. Although 
we cannot give a complete explanation 
about the nature of such species, some fea- 
tures can be seen. The contribution of crys- 
talline MOOR to the oxidation activity seems 
to be negligible, since the surface area of 
crystalline Moo3 to the total surface area is 
very small in each case. The Mo-Si oxides 
contain both isolated tetrahedral MO spe- 
cies and polymolybdate. Tetrahedral spe- 
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ties may have low activity for oxidative de- 
hydrogenation, since Mo(O.S)-Si showed 
very low activity for it. Iwasawa et al. have 
reported that the isolated tetrahedral MO 
ions are less active for oxidative dehydro- 
genation than species where two adjacent 
MO are present (19). As shown in Table 1, 
the activity of surface MO species on Mo- 
Si and on Mo-Ge is much smaller than 
those on TiOz and Zr02. High activities on 
Mo-Ti or Mo-Zr oxides seem to originate 
from polymolybdate. With Mo( IO)-Sn ox- 
ide catalyst, the amount of noncrystalline 
MO is very high and corresponds to ca. 
three layers. The rate per surface MO spe- 
cies over this catalyst may be estimated to 
be ca. 0.3 rather than 0.1 min-I. 
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