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The role of terminal Mo1O bonds in selective oxidation of toluene over a complex Ce±Mo oxide is studied by using a

pulse microreactor in the absence of molecular oxygen together with in situ Raman spectroscopy, and it is found that

the terminal Mo1O bonds are mainly responsible for the formation of benzaldehyde.

The selective oxidation of hydrocarbons over mixed-metal
oxides can often be described using the early redox model
suggested by Mars and Van Krevelen.1 In this model the
hydrocarbon reacts with surface lattice oxide ions to form
oxidized products, leaving a reduced oxide which is re-
oxidized to its initial state by reaction with gas-phase
oxygen. It has been established that the incorporation of the
oxide ions into the oxidized products depends on their
environment, and a correlation has been made between the
strength of the metal±oxygen bonds and their activity in the
oxidation of several types of molecules.2,3

Despite mixed-metal oxides having been much studied in
heterogeneous catalysis, the exact role of metal±oxygen
bonds in selective oxidation reactions is still not yet clearly
understood. In previous studies several theories concerning
the role of terminal (M1O) and bridging metal±oxygen
bonds (M0O0M') have been proposed, and these can
be mainly divided into two categories: one suggesting that
the terminal M1O bonds are responsible for controlling the
reactivity of mixed-metal oxides,4±7 and one proposing that
the bridging M0O0M' bonds are responsible.8±12 Since all
these results were obtained in the presence of molecular
oxygen, various kinds of oxygen species may coexist on the
surface of the mixed-metal oxide, which may eventually
result in di�culties in understanding the reaction process. In
contrast to the large number of studies in the presence of
molecular oxygen, little is known about the role of terminal
Mo1O bonds or bridging M0O0M' bonds in selective
oxidation reactions over mixed-metal oxide in the absence
of molecular oxygen, which may provide new information
for understanding the role of metal±oxygen bonds in the
presence of molecular oxygen. In our previous studies it
has been concluded that the lattice oxygen ions in complex
Ce±Mo oxides are the main active species for selective
oxidation of toluene to benzaldehyde in the presence of
molecular oxygen.13,14 In this work we report on a novel
and simple way to address the role of M1O bonds in
selective oxidation of toluene to benzaldehyde in the absence
of molecular oxygen over complex Ce±Mo oxides, employ-
ing a pulse microreactor together with in situ Raman
spectroscopy.
The XRD patterns of Ce±Mo samples show that cerium

oxide and molybdenum oxide in the samples form a solid
solution having the sheelite-type structure of Ce2(MoO4)3.
The in¯uence of the pulse reaction of toluene upon the
Raman spectra of the Ce±Mo oxide is presented in Fig. 1.
As shown in Fig. 1(a), the major bands of crystalline
Ce2(MoO4)3 are located at 753, 830, 846, 864, 894, 905, 918,
940, 960 and 979 cmÿ1. The bands at 753, 830, 846, 864 and

894 cmÿ1 may be assigned to the stretching vibrations of the
bridging oxygen bonds (Mo0O0Ce) and those at 905, 918,
940, 960 and 979 cmÿ1 to Mo1O stretching vibrations.15±17

After reaction, while the actual band positions do not
change among the samples, their relative intensities do. The
most striking di�erence is the relative intensity of the
940 cmÿ1 band. Before reaction, the latter is the major band
in the region, while after the fourth and the eighth pulse of
toluene its intensity is approximately 0.6 and 0.4 times that
of the 830 cmÿ1 band respectively, indicating that Mo1O
sites are more reactive than Mo0O0Ce sites.
Furthermore, after the twelfth pulse of toluene, the bands

assigned to Mo1O stretching vibrations almost disappear,
suggesting that the Mo1O sites are mainly reactive,
while the intensities of bands attributed to the stretching
vibrations of the bridging oxygen bonds (Mo0O0Ce) are
almost unchanged compared to those of a fresh sample,
revealing that the Mo0O0Ce sites are less reactive. A
similar trend is observed in the Ce0Mo oxides with di�er-
ent Ce:Mo molar ratio. Thus, the terminal Mo1O bonds
are mainly responsible for the reactive sites of complex
Ce±Mo oxides for selective oxidation of toluene in the
absence of molecular oxygen.
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Fig. 1 Influence of the pulse reaction of toluene upon the
Raman spectra of a complex Ce±Mo oxide: (a) fresh; (b) after
the fourth pulse; (c) after the eighth pulse; (d) after the twelfth
pulse
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The properties of the complex Ce±Mo oxide for selective
oxidation of toluene in the absence of molecular oxygen are
shown in Fig. 2. It can be seen that benzaldehyde is the
main product and the selectivity is as high as 95% every
pulse. This indicates that the terminal Mo1O bonds are
mainly responsible for the formation of benzaldehyde. In
other words, the terminal Mo1O bonds on the surface are
responsible for controlling the reactivity of complex Ce±Mo
oxides.

Experimental

Complex Ce±Mo oxides were prepared by the sol±gel method
using citric acid as the complexing agent, and were calcined at
673 K for 4 h.13,14 The pulse microreactor and in situ Raman spec-
troscopy experiments were performed using a specially designed cell.
The Ce±Mo oxide (250 mg) was placed in the cell which was aligned
using the cell holder in the sample compartment of the spec-
trometer. The pulse reactions of toluene over the complex Ce±Mo
oxide in the absence of molecular oxygen were carried out under

the conditions of 623 K, 0.2 MPa, helium ¯ow-rate 40 ml minÿ1,
and 1.45 mmol toluene per pulse.18 FT-Raman spectra were taken
with a Bruker RSF 100 spectrometer ®tted with an InGaAs detector
cooled by liquid nitrogen. Raman excitation at 1064 nm was
provided by a Na:YAG laser.
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Fig. 2 The reaction properties for selective oxidation of toluene
to benzaldehyde over a complex Ce±Mo oxide in the absence of
molecular oxygen
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