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Study on the reactivity of ultrafine cerium—molybdenum oxide
particles in the absence of molecular oxygen
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The state and reactivity of lattice oxygen ions in the ultrafine Ce-Mo oxide particles prepared by the sol-gel method are studied
by using X-ray diffraction, laser Raman spectroscopy, temperature-programmed reduction, X-ray photoelectron spectroscopy and pulse
microreactor tests. It is found that the lattice oxygen ions in the ultrafine Ce-Mo oxides are the main active species for partial oxidation
of toluene to benzaldehyde. By decreasing the size of complex Ce-Mo oxide particles to nanometric scale, the reactivity of lattice

oxygen ions can be remarkably improved.
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1. Introduction

Partial oxidative transformations of hydrocarbons over
metal oxide catalysts are currently the main method for the
synthesis of a series of important organic oxygenate com-
pounds. In the past decades, mechanisms of these reactions
have been extensively studied [1-8]. It is generally recog-
nized that the lattice oxygen ions in the oxide catalysts
participate in the formation of partia oxidation products,
and thus the nature of lattice oxygen ions is one of the
most important parameters influencing catalytic selectivity.
However, most of the research works in the area of the ox-
idative catalysis have been investigated in the presence of
molecular oxygen.

In contrast to a large number of studies in the presence
of molecular oxygen, little is known about the behavior
of lattice oxygen ions in metal oxides for partia oxida-
tion reaction in the absence of molecular oxygen, which
may provide new information for explaining the nature of
lattice oxygen ions and their reactivity in the presence of
molecular oxygen. Compared to the case in the presence of
molecular oxygen, due to only the lattice oxygen ions exist
on the surface of metal oxides in the absence of molecular
oxygen, the role of lattice oxygen ions in partial oxidation
of hydrocarbons may be clearly understood.

In our previous report [9], it was found that for par-
tial oxidation of toluene to benzaldehyde in the presence
of molecular oxygen, the ultrafine Ce-Mo oxide particles
prepared by the sol—gel process exhibited higher catalytic
activity than the corresponding large oxide particles pre-
pared by the conventional precipitation method. The aim
of thiswork is to further investigate the state and reactivity
of lattice oxygen ions in the ultrafine Ce-Mo oxides in the
absence of molecular oxygen.

0 J.C. Bdtzer AG, Science Publishers

2. Experimental
2.1. Sample preparation

Ultrafine Ce-Mo oxide particles with different Ce/(Ce+
Mo) atomic ratios were prepared by the sol-gel method as
reported in our previous study [10], in which citric acid was
used as a complexing polyfunctional hydroxyacid. Nitrate
cerium, ammonium molybdate and citric acid aqueous so-
lutions were prepared separately and then mixed with the
molar ratio of citric acid to metallic ions of 1:3. The pH
of the mixture solutions was adjusted to 0.5 with the ad-
dition of nitric acid solution. The above solutions were
first kept in a water bath for gelation, and then the gels
were dried and calcined. For comparison, the conventional
coprecipitation method was also used to prepare complex
Ce-Mo oxide [9], in which nitrate cerium agueous solution
was mixed with ammonium molybdate aqueous solution,
and the precipitates formed were dried and calcined.

2.2. Partial oxidation of toluene

The toluene oxidation reaction in the absence of molec-
ular oxygen was used as a probe to evaluate the reactiv-
ity of lattice oxygen ions in the ultrafine Ce-Mo oxides
as reported in our previous study [9]. The reactivity of
lattice oxygen ions in the ultrafine Ce-Mo oxides was de-
termined in a pulse microreactor under the conditions of
623 K, 0.2 MPa, helium flow rate of 40 mimin—?%, and
0.81 pmol toluene every pulse.

2.3. Characterization

X-ray diffraction patterns were obtained in a Shimadzu
3A diffractometer with Cu K« radiation (0.15418 nm). The
particles shape and size were elucidated by TEM with a
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JEM-100S transmission electron microscope. The BET sur-
face area measurements were performed on a Micromerit-
ics ASAP-2000 instrument (N, adsorption at 77 K). The
TPR experiments were carried out in a U-type quartz re-
actor with a heating rate of 10 K/min, and a flow rate
of Hy—Ar mixture (5.0 vol% hydrogen) of ca. 30 mi/min.
Hydrogen consumption was monitored by a thermal con-
ductivity detector. The pulse microreactor combined with
in situ Raman spectroscopy experiments were performed
using a specially designed in situ cell. FT-Raman spec-
tra were taken with a Bruker RSF 100 spectrometer fitted
with an InGaAs detector cooled by liquid nitrogen. XPS
measurements were performed in a VG ESCALAB MKII
spectrometer. Binding energies were referenced to the Cy
peak at 284.6 €V.

3. Reaults and discussion

For partial oxidation of toluene to benzaldehyde in the
absence of molecular oxygen the reactivity of lattice oxy-
gen ions (the sum total of benzaldehyde yield per BET
surface ared) in the ultrafine Ce-Mo oxides with differ-
ent Ce/(Ce + Mo) atomic ratios is shown in figure 1. For
pure CeO, and M0oO3; samples, no product is detected un-
der our pulse reaction condition, suggesting that the lat-
tice oxygen ions in CeO, and MoOs; are not a reactive
component. However, the ultrafine Ce;(M0Oy)3 exhibits
high benzaldehyde yield, suggesting that cerium molybdate
species are the main reactive components. It is interest-
ing to note that the composition of the ultrafine Ce-Mo
oxides has great influence on the reactivity of lattice oxy-
gen ions. With the increase of the Ce/(Ce + Mo) atomic
ratio, the reactivity of lattice oxygen ions in the ultra-
fine Ce-Mo oxides is first increased and then decreased
rapidly. The maximum reactivity of lattice oxygen ions
appears in the vicinity of Ce/(Ce+ Mo) = 0.5 for the ultra-
fine Ce-Mo oxides. As reported in our previous study [9],
the maximum benzaldehyde yield for partial oxidation of
toluene in the presence of molecular oxygen is reached
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Figure 1. The reactivity of lattice oxygen ions in the ultrafine Ce-Mo
oxides.
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in the vicinity of Ce/(Ce + Mo) = 0.5 for the ultrafine
Ce-Mo oxides. These results indicate that the lattice oxy-
gen ions in the ultrafine Ce-Mo oxides are the main ac-
tive species for partial oxidation of toluene to benzalde-
hyde.

The state and reactivity of lattice oxygen ions in the ul-
trafine Ce-Mo oxide with a Ce/(Ce + Mo) atomic ratio of
0.5 were studied by employing a pulse microreactor com-
bined with in situ Raman spectroscopy technique. Figure 2
exhibits the reactivity of lattice oxygen ions in the ultra-
fine Ce-Mo oxide. It can be seen that for partial oxidation
of toluene in the absence of molecular oxygen, benzalde-
hyde is the main product and the selectivity is as high as
ca. 95% every pulse. Compared to the case in the presence
of molecular oxygen [9], the selectivity to benzaldehyde is
remarkably improved. This reveals that the lattice oxygen
ions in the ultrafine Ce-Mo oxide are actually the main
active species for partial oxidation of toluene to benzalde-
hyde. In the absence of molecular oxygen, only the lattice
oxygen ions exist on the surface of the oxide, resulting in
the high selectivity to benzaldehyde.

Theinfluence of the pulse reaction upon the Raman spec-
tra of the ultrafine Ce-Mo oxide is presented in figure 3.
The bands at 750-900 cm™! can be assigned to the stretch-
ing vibrations of the bridging oxygen bonds (Mo—O-Ce),
and the bands at 900-1000 cm~?! to Mo=0O stretching vi-
brations, respectively [11-13]. As shown in figure 2, for
the first pulse, the conversion of toluene is 93.3%, and the
selectivity of benzaldehyde is 97.1%. This indicates that
the lattice oxygen ions on the surface of the fresh sam-
ple are very reactive and abundant. From the second to
sixth pulses, the selectivity of benzaldehyde almost does
not change, but the conversion of toluene decreases to
ca. 55.0%. This suggests that the reactive lattice oxygen
ions for these pulses may be mainly from the bulk by
transferring. As shown in figure 3, after the eighth pulse
the relative intensities of the bands to Mo=0O stretching
vibrations decrease to ca. 80%, while that to Mo—-O-Ce
stretching vibrations has no marked change. This implies
that the lattice oxygen ions on the oxide surface can be
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Figure 2. The reactivity of lattice oxygen ions in the ultrafine Ce-Mo
oxide with a Ce/(Ce + Mo) atomic ratio of 0.5.
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Figure 3. In situ LRS spectra of the ultrafine Ce-Mo oxide with a Ce/

(Ce + Mo) atomic ratio of 0.5 for the reactivity of lattice oxygen ions:

(a) fresh, (b) after the fourth pulse, (c) after the eighth pulse, (d) after the
twelfth pulse, () after the sixteenth pulse.

mainly replenished after every pulse reaction. After the
ninth pulse the conversion of toluene decreases gradually,
suggesting that the reactive lattice oxygen species on the ox-
ide surface decrease progressively. After the twelfth pulse
the intensities of the bands assigned to Mo=0O stretching
vibrations decrease to ca. 50%, while that to Mo—O-Ce
stretching vibrations decreases to ca. 80%, indicating that
the Mo=0 sites may be more reactive than the Mo—-O-Ce
sites. After the sixteenth pulse, no product is detected under
our reaction conditions, and the bands assigned to Mo=0
stretching vibrations almost disappear, while the intensities
of the bands assigned to Mo-O-Ce dtretching vibrations
decrease to ca. 40%. The above results suggest that the ter-
minal Mo=0 bonds may be mainly reactive species during
the reaction.
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XRD and LRS were used to characterize the ultrafine
Ce-Mo oxide with a Ce/(Ce+ Mo) atomic ratio of 0.5. The
XRD patterns and LRS spectra of the ultrafine Ce-Mo ox-
ide are shown in figures 4 and 5, respectively. For the fresh
sample, both XRD patterns of Cex(M0O4); and CeO, are
observed, indicating that the fresh sample is composed of
Cex(M00y4)3 and the excessive CeO,. After reaction, new
XRD patterns are observed which can be assigned to crys-
talline CeyO3. The peak at ca. 20 = 47.5° in figure 4(b)
may result from the overlap of Ce,O3; and Cey(M0Oy)s,
but can be mainly assigned to Ce;Os;. As shown in fig-
ure 5, it can also be found that compared with the band at
ca. 340 cm~! of octahedral Mo®* in a surface polymolyb-
date [14], the band at 464 cm—? of CeO, [15] almost disap-
pears after reaction. These results revea that the excessive
Ce0, aso participates in the reaction, and is partly reduced
to Ce0O3. As indicated above, the ultrafine Ce-Mo oxide
with a Ce/(Ce+ Mo) atomic ratio of 0.5 has the highest re-
activity of lattice oxygen ions. This implies that although
pure CeO; is not reactive for partial oxidation of toluene,
the excessive CeO; in the ultrafine Ce-Mo oxide plays an
important role in enhancing the reactivity of lattice oxygen
ions.

It is well known that the oxygen vacancies in the flu-
orite crystal structure of CeO, are mobile and form the
dominant point defect involved in transport behavior. As
reported in our previous study [16], the promotional effect
of oxygen spillover from CeO, to Cex(M0Qy)3 in the ul-
trafine Ce-Mo oxide with a Ce/(Ce + Mo) atomic ratio of
0.5 resulted in faster compensation of active lattice oxygen
species in the Ce;(M00Oy)s. Thus, it may be considered
that while the lattice oxygen ions of Cex(M0QOy)s in the
ultrafine Ce-Mo oxide are continuoudly consumed in the
reaction, the lattice oxygen ions of CeO; in the ultrafine
Ce-Mo oxide may transfer to the surface of Cex(M00Oy,)3
to replenish the reactive lattice oxygen species. As shown
in figures 2 and 3, from the second to sixth pulses, the
toluene conversion ailmost does not change, which may be
correlated with a timely replenishing of the lattice oxygen
ions on the surface of Ce,(M00Q,)3 after every pulse reac-
tion. Apparently, the promotional effect of oxygen spillover
from CeO, to Cey(M0Qy)3 in the ultrafine Ce-Mo oxide
results in the high reactivity of lattice oxygen ions. How-
ever, as pure CeO;, is not reactive for partial oxidation of
toluene, increasing of the amount of CeO, in the ultrafine
Ce-Mo oxides may result in severe surface enrichment of
the cerium component, which may further result in the de-
crease of the reactivity of lattice oxygen ions. As shown
in figure 1, increasing the Ce/(Ce + Mo) atomic ratio to
higher than 0.5 results in a rapid decrease of the reactivity
of lattice oxygen ions in the ultrafine Ce-Mo oxides.

For comparison, the reactivity of lattice oxygen ions in
the ultrafine Ce-Mo oxide with a Ce/(Ce+ Mo) atomic ra-
tio of 0.5 prepared by the sol—gel process and the corre-
sponding large oxide particles with the same composition
prepared by the coprecipitation method is collected in ta-
ble 1. It is interesting to note that the benzaldehyde yield
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Figure 4. XRD patterns of the ultrafine Ce-Mo oxide with a Ce/(Ce + Mo) atomic ratio of 0.5: (a) fresh, (b) after reaction.

of the ultrafine Ce-Mo oxide is found to be about fifteen
times that of the corresponding large oxide particles. This
indicates that by decreasing the particle size of complex
Ce-Mo oxide to nanometric scale, the reactivity of lattice
oxygen ions can be remarkably improved. This result is
consistent with their catalytic activity for partial oxidation
of toluene to benzaldehyde in the presence of molecular
oxygen [9], further suggesting that the lattice oxygen ions
in the complex Ce-Mo oxides are the main active species
for partial oxidation of toluene to benzaldehyde.

Asshownintable 1, it can also be found that there exists
severe surface enrichment of the cerium component in the
large oxide particles. The surface Ce/Mo atomic ratio of the
large oxide particlesis much higher than that of the ultrafine
oxide particles, which may result in the low reactivity of
lattice oxygen ions in the large oxide particles. Compared
to the case for the ultrafine Ce-Mo oxide, no new species
appear in the XRD pattern of the large oxide particles after
the reaction. This reveals that the promotional effect of
oxygen spillover from CeO, to Cex(M00y)s3 in the large
Ce-Mo oxide particles is much weaker than that in the
ultrafine oxide particles.

The TPR profiles of the ultrafine Ce-Mo oxide with a
Ce/(Ce + Mo) atomic ratio of 0.5 and the corresponding

large oxide particles are presented in figure 6. For the ul-
trafine Ce-Mo oxide, two hydrogen consumption peaks at
ca. 783 and 988 K are observed which may be assigned
to the reduction of the surface of CeO, to Ce,O3 [17-19]
and the reduction of Ce(M0QO,)3 to Ce;M030g [20], re-
spectively. For the large Ce-Mo oxide particles, only one
hydrogen consumption peak at ca 1023 K is observed
which may be assigned to the reduction of Ce;(M0QOy)3
to CesM030g. This indicates that the reduction of the sur-
face of CeO; in the large oxide particles is difficult, which
may lead to the poor mobility of the lattice oxygen ionsin
Ce0,. Thisresultsin the weaker promotional effect of oxy-
gen spillover from CeO, to Cex(M00,)3 in the large oxide
particles, and further leads to the low reactivity of lattice
oxygen ions. Compared with that in the ultrafine oxide
particles, the peak maximum of Cex(M0QO,)3 in the large
oxide particles shifts to higher temperature. The above
results indicate that by decreasing the oxide particle size
to nanoscale, the Ce-Mo oxide is easier to be reduced to
lower valance and the lattice oxygen species in the ox-
ide have a higher mobility. This may lead to the higher
reactivity of lattice oxygen ions in the ultrafine oxide par-
ticles.
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Figure 5. LRS spectra of the ultrafine Ce-Mo oxide with a Ce/(Ce+ Mo)
atomic ratio of 0.5: (a) fresh, (b) after reaction.

Table 1
The reactivity of lattice oxygen ions in the complex Ce-Mo oxides with
a Cée/(Ce + Mo) atomic ratio of 0.5.

Preparation method

Coprecipitation Sol—gel
Particle size (nm) >100 2040
Conversion of toluene® (umol/g) 0.80 174
Benzadehyde selectivity (%) 90.0 98.3
Benzaldehyde yield® (pmol/g m?) 0.06 0.90
Surface Ce/lMo atomic ratio 22 14

2 The sum total of every pulse.

4. Conclusion

For partial oxidation of toluene to benzaldehyde, the lat-
tice oxygenionsin the ultrafine Ce-Mo oxides are the main
active species, and the Mo=0 sites may be more reactive
than the Mo-O-Ce sites. The preparation methods and
oxide compositions significantly influence the particle size
and structure of complex Ce-Mo oxides, and further affect
the state and reactivity of lattice oxygen ionsin the oxides.
It is found that the highest reactivity of lattice oxygen ions
in the ultrafine Ce-Mo oxides is reached in the vicinity of
Cel/(Ce + Mo) = 0.5, and the reactivity of lattice oxygen
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Figure 6. TPR profiles of complex Ce-Mo oxides with a Ce/(Ce + Mo)
aomic ratio of 0.5: (a) prepared by the sol—gel method, (b) prepared by
the coprecipitation method.

ions in the ultrafine Ce-Mo oxide is much higher than that
in the corresponding large oxide particles.
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