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The MoO3/CeO2 system has been studied by diffuse reflectance infrared Fourier transform and Raman
spectroscopies. CeO2 surface is usually terminated with the surface hydroxyl groups, carbonate species,
and adsorbed water in air. IR spectra indicate that the dispersion of MoO3 onto the CeO2 surface can
displace the hydroxyl groups and prompt the desorption of the carbonate species. These surface-adsorbed
species (hydroxyl and carbonate) hardly influence the dispersion of MoO3 onto the CeO2 surface for a
monolayer coverage, which suggests that there is a strong interaction between molybdenum oxide species
and the CeO2 surface. Furthermore, according to the intensity change of the carbonate absorption bands
with Mo loading, bidentate and unidentate species are assigned, respectively. Below the monolayer capacity,
both IR and Raman spectra indicate an increasing condensation in the surface molybdenum species with
Mo loading. The terminal ModO bond lengths of the surface molybdenum species at the monolayer coverage
under ambient conditions increase by 0.015 Å as compared with those of crystalline MoO3. On the basis
of the structure of MoO3 and the preferentially exposed (111) plane of CeO2 from the thermal calcination
of Ce(NO3)3‚6H2O, a probable configuration of the surface molybdenum oxide species at the monolayer
coverage has been estimated, where the terminal ModO bonds almost vertical to the basal plane.

Introduction

Molybdenasupportedondifferentoxidesarewidelyused
in various catalytic processes, and the structures of surface
interaction species on different supports have been studied
extensively throughvariousphysicochemical techniques.1,2

Raman spectroscopy is frequently employed to character-
ize the structure of the molybdenum oxide species, the
extent of surface hydration, and the degree of the
monolayer coverage.3 Generally, metal oxides stabilized
in the atmosphere are terminated with surface hydroxyl
groups and carbonate contaminants to compensate for
the loss of coordination of the oxide anions as an result
of the truncation of the bulk structure.4 However, it is
difficult to detect these adsorbed species due to very weak
Raman scattering cross sections except in a few cases. On
the other hand, FT-IR spectroscopy is ideal to identify
functional groups, reactive sites, and adsorbed species
(such as the hydroxyl groups and carbonate species) on
the surface of catalysts. IR spectral studies of surface
hydroxyl groups on MoO3/γ-Al2O3 catalysts are considered
to provide an important insight into the interactions
between the molybdate and the alumina surface.5 Diffuse
reflectance infrared Fourier transform (DRIFT) spectros-
copy allows one to obtain the IR spectra of samples in
their original forms without pressure and dilution;
moreover, DRIFT spectroscopy is more sensitive to surface
species than the transmission IR technique.

Recently, much attention has been centered on ceria as
a support due to the reversible redox reaction, but many

investigations were confined to the supported noble metal
catalysts which have exhibited promising applications in
the treatment of automobile exhausts;6 few studies on the
MoO3/CeO2 system have been reported.7,8 Ceria has a
pronounced affinity for CO2 and a variety of carbonate
species occur on its surface; thus, it is interesting to study
the influence of the adsorbed carbonates upon the disper-
sion of MoO3 onto the CeO2 surface and the formation of
molybdenum oxide species. The motive of this research is
to use DRIFT and FT-Raman techniques, two comple-
mentary spectroscopic tools, to investigate the dispersion
of MoO3 on the CeO2 surface. Moreover, a probable
structure of the molybdenum oxide species is estimated
from the monolayer capacity and the oxide structures.

Experimental Section
Preparation. MoO3 and Ce(NO3)3‚6H2O samples were pur-

chased from Shanghai Chemical Reagent Co. (analytical grade).
MoO3 was preheated at 450 °C in flowing air for 5 h prior to use,
and a thermodynamically stable orthorhombic structure was
obtained with a BET surface area of 2 m2/g. CeO2 support, with
a BET surface area of 72 m2/g, was prepared by calcining Ce-
(NO3)3‚6H2O at 550 °C in flowing air for 5 h. MoO3/CeO2 samples
were prepared by heating the mechanical mixtures with the
required amounts of MoO3 and CeO2 at 420 °C in flowing air for
18 h. The Mo loadings of the mixtures were 0.3, 0.5, 1.0, and 1.4
mmol/100 m2 (corresponding to 2.0, 3.3, 6.3, and 8.5 wt %),
respectively.

Measurement. DRIFT spectra were obtained by using a
diffuse reflectance chamber (Spectra-Tech) with NaCl windows
on a Nicolet 170 SX FT-IR spectrometer equipped with KBr optics
and a DTGS detector. The samples were placed inside the
chamber without packing or dilution. A total of 200 scans were
accumulated in each measurement at the resolution 4 cm-1, and
the spectrum of an aluminum mirror was used as background.
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Transmission IR spectra were measured on a Bruker IFS 66V
spectrometer equipped with a DTGS detector. Samples were
pressed into self-supporting wafers except MoO3 sample, which
was measured as a KBr pellet. A total of 50 interferograms were
collected at the resolution 4 cm-1.

FT-Raman spectra were recorded by a Bruker RFS 100
spectrometer equipped with a Nd:YAG laser emitting at 1064
nm. The optics has a backscattering geometry and an InGaAs
detector working at liquid nitrogen temperature. The Raman
spectra were obtained by coadding 50 scans at 4 cm-1 resolution
and 100 mW laser power under ambient conditions.

Results and Discussion
DRIFT Spectra. Figure 1 shows the DRIFT spectra of

MoO3 (with a surface area of 2 m2/g), CeO2, and MoO3/
CeO2 samples. The spectrum of MoO3 is consistent with
that of MoO3 with a surface area of 1.8 m2/g and exhibits
no absorption in the region 4000-2400 cm-1,9 which
suggest that crystalline MoO3 with such a small surface
area was little influenced by the moisture in air. The band
at 990 cm-1 is ascribed to the ModO fundamental
stretching vibration of crystalline MoO3. Two groups of
absorption bands at approximately 1970-1885 and 1300-
1100 cm-1 are due to the characteristic overtones of the
ModO stretching mode and the combination modes of
Mo-O stretching vibration, respectively.9 A weak band
around 1630 cm-1 is due to bending mode of water, a
comparable band also appeared in the DRIFT spectrum
of MoO3 with the surface area of 1.8 m2/g.9 But for CeO2,
it is seen that the support at the atmospheric environment
displays many intense absorption bands in the whole
middle-infrared region. A broad band centered around

3400 cm-1 and a sharp band at approximately 1630 cm-1

are assigned to the stretching and bending modes of the
surface-adsorbed water, respectively, an unresolved peak
around 3695 cm-1 overlapped with the adsorbed water
band is due to the O-H stretching modes of the surface
hydroxyl groups, and a series of strong absorption bands
at 1553, 1308, 1046, and 851 cm-1 are contributed from
the adsorbed carbonate species formed on the CeO2 surface
due to the chemisorption of CO2 in air.10 The adsorbed
carbonate species can be removed by calcination at 800
°C in a vacuum,11 but are not influenced by vacuum
treatment at lower temperature, 400 °C.12

Upon the dispersion of MoO3 onto the CeO2 surface, the
absorption intensities of the hydroxyl groups and carbon-
ate species decrease gradually; on the other hand, a new
band at 920-970 cm-1 ascribed to the terminal ModO
stretching mode occurs accordingly, and no absorption
band of the ModO fundamental stretching or the char-
acteristic overtones of crystalline MoO3 can be detected.
These observations indicate that molybdenum oxide
species is formed on the CeO2 surface. With increasing
Mo loading, the intensity of the hydroxyl band decreases
progressively, especially at the high-frequency side, and
this band completely vanishes up to the 1.0 mmol/100 m2

Mo loading. The IR band of hydroxyl group at the higher
wavenumber has been assigned to more basic hydroxyl
group, the decrease in wavenumber of surface hydroxyls
has been associated with increasing acidity (shown in
Figure 2, structures I and II), and the ease of removal of
hydroxyl groups parallels their basicity.13 It is evident
that the surface molybdenum species occur at the expense
of the surface hydroxyl groups, which reveals that the
dispersion of MoO3 on the CeO2 surface can displace the
surface hydroxyl groups. In addition, the band intensities
of the stretching and bending modes of the adsorbed water
scarcely change with Mo loading, but the corresponding
absorption maxima shift to higher and lower frequencies,
respectively, indicating a weakened hydrogen-bonding
interaction. These suggest that the adsorbed water is
associated with the surface molybdenum species, which
is in accordance with the terminal ModO stretching
frequencies lower than 1000 cm-1 in the hydrated state.
However, for the Mo loadings of 1.0 and 1.4 mmol/100 m2,
the positions, intensities and band profiles of the stretching
and bending modes of the adsorbed water remain un-
changed, in addition to the absence of the surface hydroxyl
groups, indicating that a monolayer coverage is reached
at the higher Mo loadings. The XPS and XRD results
virtually revealed that the monolayer capacity of MoO3
on CeO2 surface was 0.80 mmol/100 m2 (5.1 wt %).8
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Figure 1. DRIFT spectra of MoO3, CeO2, and MoO3/CeO2
samples with various Mo loadings (mmol/100 m2): (a) 0.3; (b)
0.5; (c) 1.0; (d) 1.4.

Figure 2. Schematic representation of (I) basic hydroxyl
groups, (II) acidic hydroxyl group, (III) bidentate carbonate
species, and (IV) unidentate carbonate species.
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Meanwhile, the absorption bands of the carbonate
species on the CeO2 surface undergo remarkable changes
with Mo loading, the bands at 1553 and 1308 cm-1 decrease
their intensities at almost the same rate. Upon the Mo
loading exceeding 0.5 mmol/100 m2, the original broad
bands of the carbonate species split into additional peaks
at 1501, 1260, and 1228 cm-1, whereas these bands
attenuate slowly, compared with the 1553 and 1308 cm-1

bands. No absorption in the region 1800-1650 cm-1 can
rule out the existence of bridged carbonate species. A new
band at 1228 cm-1 seems not to be due to the O-H bending
mode for the surface bicarbonate species since there is
neither the 3616 nor the 1650 cm-1 characteristic band
derived from the O-H or CdO stretching mode of the
bicarbonate in the case of alumina.14,15 In natural envi-
ronments, bicarbonates are frequently formed species on
most metal oxide supports,16 but the fact that no bicar-
bonate species can be detected here may be due to the
intensified basicity of the CeO2 surface compared with
other metal oxides. IR assignments given in the literature
for the species formed upon the chemisorption of CO2 onto
metal oxide supports are not completely consistent.1 From
the above intensity changes and peak splitting of the
surface carbonate species with Mo loading, the bands at
1553, 1308, 1046, and 851 cm-1 are tentatively attributed
to bidentate carbonates, and those at 1501, 1260, and 1228
as well as those at 1046 and 851 cm-1 to unidentate
carbonates, shown in structures III and IV of Figure 2.
The 1046 and 851 cm-1 bands are due to the C-O
stretching mode and out-of-plane vibration of carbonate
groups, respectively.10 The bidentate carbonates are
eliminated easily in comparison with the unidentates,
which reflects that the unidentate species are more stable
than the bidentates. This result is in agreement with the
thermal stability of carbonates.10 On the other hand, it is
likely that the bidentate carbonates are first converted
into the unidentates, and then the unidentate species are
removed out of the CeO2 surface. With increasing Mo
loading, the 1046 cm-1 band from C-O stretching mode
of the carbonate species decreases gradually, but for the
higher loadings, a band at 1053 cm-1 with a constant
intensity near the high-frequency side is observed. It is
proposed that this band originates from the multiphonon
process of CeO2 itself and not from the carbonate species.11

At Mo loadings of 1.0 and 1.4 mmol/100 m2, the two
kinds of carbonates almost disappear. Compared with the
treatment at 400 °C,12 the residual hydroxyls and carbon-
ates on the CeO2 surface in our case should be existent
at the calcination temperature 420 °C. Upon the dispersion
of MoO3 onto CeO2, the surface hydroxyl groups are
displaced and the surface carbonates are removed ac-
cordingly. This shows that there is a very strong interac-
tion between the dispersed MoO3 and the CeO2 surface,
which is the very driving force of the dispersion process
to decrease the surface free energy of system. Knözinger
and co-workers have concluded that a significant decrease
in surface free energy acts as the dominant driving force
for the spreading in MoO3/γ-Al2O3 mixtures.17 Therefore,
the hydroxyl groups and adsorbed carbonates on the CeO2
surface hardly hinder the dispersion of MoO3 on the
surface, which illustrates the reason that the monolayer
capacity for MoO3 on the contaminated CeO2 surface in
air was in good agreement with the theoretically estimated

value on the basis of a “clean” CeO2 surface.8 The
interactions between MoO3 and CeO2 may be viewed as
a generalized acid-base reaction, the former manifests
only acidity and the latter manifests basicity, so an
interaction of an acid-base nature is deduced. It has also
been shown that the origin of these structural changes
can be correlated to the surface metal oxides and supports
(the term pzc), at least when the catalysts are hydrated.18,19

The transmission IR spectra in the region 1700-600
cm-1 of the corresponding samples (Figure 3) also show
changes similar to the DRIFT spectra (it should be noted
that the usage of KBr for MoO3 may change the optical
property of the specimen relative to that of the self-
supporting wafer). This ascertains that the surface
carbonate species on the CeO2 support are removed by
the dispersion of MoO3 and not covered by the dispersed
MoO3.

In Figure 1 (DRIFT) and Figure 3 (FTIR-T), the weak
bands assigned to the terminal ModO stretching modes
of the molybdenum oxide species shift toward higher
frequency from approximately 920 to 970 cm-1, indicating
an increase in the degree of condensation.3 This part will
be discussed in detail together with the Raman section.
However, for a Mo loading of 1.0 mmol/100 m2 beyond the
monolayer capacity, only a shoulder at 990 cm-1 char-
acteristic of crystalline MoO3 is overlapped with the
terminal ModO stretching band of the surface molybde-
num species at the high-frequency side, and no intensity
change in the 990 cm-1 shoulder can be distinguishable
for the 1.4 mmol/100 m2 Mo loading, while a weak sharp
peak at 990 cm-1 appears in the corresponding transmis-
sion spectrum. This is because DRIFT spectroscopy is less
sensitive to bulk transmission than the FTIR-T technique.

FT-Raman Spectra. The FT-Raman spectra of MoO3,
CeO2, and MoO3/CeO2 samples with various Mo loadings
are shown in Figure 4. No distinct scattering peak in the
region 3500-1200 cm-1 is detected due to the weak
scattering cross sections of the surface hydroxyl groups,
carbonate species, and adsorbed water. Generally speak-
ing, the band of a polar bond is strong in IR absorption
and weak in Raman scattering while it is reversed for the
band of a nonpolar bond.3 Thus, DRIFT and Raman
spectroscopies are complementary methods for the study
of the dispersion of MoO3 on the CeO2 surface.
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Figure 3. FT-IR transmission spectra of MoO3, CeO2, and
MoO3/CeO2 samples with various Mo loadings (mmol/100 m2):
(a) 0.3; (b) 0.5; (c) 1.0; (d) 1.4.
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In the Raman spectrum of CeO2, a very intense
characteristic band at 464 cm-1 is attributed to the
vibration mode of T2g,20 along with the occurrence of some
wide low-frequency features due to the second-order
scattering of phonon overtones.21 Upon the dispersion of
MoO3 onto the CeO2 surface, a weak broad band at 920
cm-1 assigned to the terminal ModO stretching mode of
the surface molybdenum species appears, and this band
shifts to 965 cm-1 with a gradual increase in intensity,
being consistent with the result of the DRIFT spectra.
The upward frequency suggests the ModO bond order
increases with increasing coverage. In contrast to the high-
frequency band in the spectra, the other broad band at
approximately 800 cm-1 is independent of the Mo loading.
In an earlier study of MoO3/CeO2 catalysts,7 a comparable
band near 790 cm-1 was not assigned unequivocally;
however, according to the prominent characteristic wave-
number regions of vibrational modes of molybdate species,
the broad band at 800 cm-1 may be tentatively attributed
to the stretching mode of the Mo-O-Mo linkages.22

Similar spectral features have been recently reported for
the WO3/ZrO2 catalysts,23 and it is inferred that the surface
species consist of small oligomeric clusters, even at the
lowest loadings. The asymmetries toward lower frequen-
cies in the spectra of samples with lower loadings are
believed to indicate various species having different bond
orders rather than being due to the second component of
the normal modes of a dioxo species.23 When the Mo loading
exceeds the monolayer capacity, three strong and sharp
scattering peaks appear at 995, 818, and 666 cm-1, the
characteristic Raman bands of crystalline MoO3. The
intensity discrepancy in the ModO frequencies of crystal-
line MoO3 and the surface molybdenum species is due to
the difference in Raman scattering cross section; the
former is usually orders of magnitude greater than the
latter. The intense scattering peaks at 995 cm-1 in Raman
spectra is corresponding to the shoulder at 990 cm-1 in

DRIFT spectra. The combination of DRIFT and Raman
spectroscopies can provide much structural information
about the interaction between MoO3 and the CeO2 support.

The terminal ModO frequencies at 920-970 cm-1

indicate that the molybdenum oxide species is in the
hydrated state under the atmospheric environment, being
consistent with the corresponding DRIFT spectra. Earlier
studies on MoO3/γ-Al2O3 catalysts have revealed that a
broad band at 950 cm-1 attributed to the hydrated terminal
ModO stretching was converted to a sharp band at
approximately 1000 cm-1 by dehydration, and this process
was reversed upon rehydration.24 In light of the correlation
between frequency and distance of Mo-O bond,25 Com-
pared with ModO bond length in crystalline MoO3, the
terminal ModO bond length in the surface molybdenum
species at the monolayer coverage increases by about 0.015
Å due to the hydrogen-bonding and hydrated interactions.
Under the calcination temperature, the MoO3/CeO2
samples take on an orange red color and then turn to a
light yellow color after cooling in air, which is similar to
the color change of the dehydrated and hydrated CrO3/
TiO2-SiO2 catalysts.26

Probable Configuration of the Dispersed Surface
Species. Crystalline MoO3 is of layered structure which
indicates the coexistence of weak interlayer, moderate
interchain, and strong intrachain interactions.27 In the
course of calcination, it is likely that the chain-layer
structure is destroyed along with the variation of the
intrachain bond lengths and bond angles to match with
the surface structure of the CeO2 support, which would
prompt the displacement of the surface hydroxyl groups
and the elimination of the carbonate species. This process
finally leads to the formation of the surface molybdenum
oxide species and a decrease in the surface free energy of
the system. To get a deeper insight into the nature of the
dispersed species, the interactions between the dispersed
species and the support should be taken into account.
CeO2 with a fluorite structure has an abundance of
monatomic stepped (111) surface observed by high-
resolution transmission electron microscopy (JEOL 400EX)
for sample prepared from the thermal calcination of Ce-
(NO3)3‚6H2O,28 which is schematically shown in Figure
5a. This plane is terminated by oxygen anions located at
the cross points of the framework and a sublayer of cerium
cations, both the surface cations and anions are each
deficient one nearest neighbor in their respective coor-
dination spheres. The above vacancies available on the
surface can be used for the incorporation of the dispersed
ions,29 and the vacancies for the cations are estimated to
be 1.22 mmol/100 m2. Considering the dispersion of MoO3
and the CeO2 surface, the chain-layer structure of MoO3
is disrupted by calcination and the molybdenum cations
incorporate into the vacancies available on the surface;
simultaneously, each incorporated molybdenum cation is
accompanied by three oxygen anions positioning on its
top for charge compensation. The original ModO bonds
in the structure of MoO3 still remain in the dispersed
species, but they are hydrated through hydrogen bond,
coordination, etc. under ambient conditions. The other
Mo-O bonds vary their bond lengths so that the corre-
sponding oxygen anions cap on the top of the sublayer
cerium cations, which leads to the occurrence of Mo-O-
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Figure 4. FT-Raman spectra of MoO3, CeO2, and MoO3/CeO2
samples with various Mo loadings (mmol/100 m2): (a) 0.3; (b)
0.5; (c) 1.0; (d) 1.4.
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Ce bonds. The shielding effect of the accompanying oxygen
anions will prevent part of the surface vacancies from
being occupied by other molybdenum cations. A tentative
model can be drawn from above consideration, shown in
Figure 5b, in which only two-thirds of the available
vacancies for cations can be occupied by the incorporated
molybdenum cations when the Mo loading reaches the
monolayer capacity, and all the vacancies for anions are
being occupied by the accompanying oxygen anions with
the formation of a close-packed monolayer of oxygen anions
on the surface. It can be estimated that the Mo loading
should be approximately 0.81 mmol/100 m2, which is in
agreement with the result measured by XPS and XRD.8
Furthermore, the steric structure of the unit of the two-
dimensional dispersed species in the high dispersion state
is represented in Figure 6. The terminal ModO bonds are

almost vertical to the (111) plane and less influenced by
the support, which may be the reason that the bands near
950 cm-1 at a given Mo loading were detected for the MoO3
supported on various oxide supports, such as γ-Al2O3,
Fe2O3, SnO2, ZrO2, and TiO2, in air in Raman /or IR
spectra.30 Despite the similarities in the terminal ModO
groups of the dispersed molybdenum species, the proper-
ties of the dispersed species is crucially determined by
the intrinsic nature of the support in preparing various
catalysts possessing their own specific characteristics.

Taking into account the probable configuration of the
molybdenum oxide species, when MoO3 is dispersed on
the CeO2 surface, the accompanying oxygen anions cap
the anion vacancies of the (111) plane of the CeO2 support.
This process would displace the surface basic hydroxyl
groups and eliminate the bidentate carbonate species or
partly convert them into the unidentate species. As the
coordination spheres approach gradually saturation, the
acidic hydroxyl groups and the unidentate carbonate
species would be removed. Thus, it is reasonable to suggest
that the estimated configuration of the dispersed species
is in agreement with the spectroscopic results.

Conclusions
Upon the dispersion of MoO3 onto the CeO2 support,

the surface hydroxyl groups are displaced and the
carbonate species are eliminated accordingly, these ad-
sorbed species hardly influence the dispersion of MoO3 on
the support surface. The terminal ModO bond order of
surface molybdenum species increases with increasing
coverage, and the surface species are suggested to be small
oligomeric clusters even at the lowest loading. On the
basis of the monolayer capacity and the oxide structures,
a probable configuration of the surface molybdenum
species has been estimated.
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Figure 5. Schematic representation of (a) the preferentially
exposed (111) plane of CeO2 support and (b) the dispersed MoO3
on CeO2 support at the monolayer coverage.

Figure 6. Schematic model of the surface molybdenum oxide
species.
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