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Dispersion of molybdena on CeO2, ZrO2 (Tet), and a mixture of CeO2 and ZrO2 (Tet), was investigated by
using laser Raman spectroscopy (LRS), Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction
(XRD) and temperature programmed reduction (TPR). The results indicate that molybdena is dispersed
on both individual oxide support and mixed oxide support at the adopted molybdena loadings (0.2 and
0.8 mmol Mo6+/100 m2) and the structure of the supported molybdena species is intimate association
with its loading amount. Two molybdena species are identified by Raman results, i.e. isolated MoO2−

4
species at 0.2 mmol Mo6+/100 m2 and polymolybdate species at 0.8 mmol Mo6+/100 m2. IR spectra
of ammonia adsorption prove that isolated MoO2−

4 species are Lewis acid sites on the Mo/Ce and/or
Zr samples, and the polymolybdate species are Brönsted acid sites on the Mo/Ce and/or Zr samples.
Moreover, a combination of the Raman, IR and TPR results confirms that at 0.2 mmol Mo6+/100 m2

Ce + Zr, molybdena is preferentially dispersed on the surface of CeO2 when a mixed oxide support (CeO2
and ZrO2) is present, which was explained in term of the difference of the surface basicity between CeO2
and ZrO2 (Tet). Surface structures of the oxide supports were also taken into consideration.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

In the past several decades, much attention has been focused
on the properties of ceria–zirconia solid solution and/or ceria–
zirconia mixed oxides due to their applications in the latest gen-
erations of three-way auto-exhaust catalysts [1–3] and in other
catalysts that are used in important industrial processes, such as,
reforming/hydrogen production [4,5], oxidation (partial oxidation,
complete oxidation, preferential oxidation, and combustion) [6,7],
dehydration [8], and deNOx [9]. Extensive studies have been made
to explore the role of ceria and zirconia in the solid solution
[2,3,10]. It was found that the unique properties of the Ce–Zr solid
solution was because a result of the combination of oxygen stor-
age capacity (OSC) of ceria that allows the catalyst to perform in a
wider range of air/fuel ratios and zirconia induced stabilization of
ceria particles (preventing their thermal sintering).

Ceria and/or zirconia supported molybdena catalysts were
widely used in many industrial reactions such as hydrodesulfur-
ization (HDS), oxidative dehydrogenation (ODH) of alkanes, partial
oxidation, and metathesis of olefins [11–18]. The interaction be-
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tween MoO3 and CeO2 or ZrO2 and the activities of related cata-
lysts have been studied extensively. As such, insightful information
on this kind of catalysts has been obtained. Xie et al. investigated
the influence of Mo content (from 0.35 to 50Mo/nm2) and calci-
nation temperature on the surface density of MoOx in ZrO2 sup-
ported MoOx catalysts. They found that Zr(MoO4)2 formed when
the surface density of MoOx was above 5Mo/nm2 or the calcina-
tion temperature is higher than 873 K [19]. This was supported by
Mohamed’s study, which compared the physicochemical properties
of the molybdena supported on CeO2-modified ZrO2 and on pure
ZrO2. They suggested that the interaction between ZrO2 and MoO3
was easier in Mo/Zr(Ce) (molybdena supported on CeO2-modified
ZrO2) than in Mo/Zr (molybdena supported on pure ZrO2) catalysts
due to the formation of spinel ZrMo2O8 [20].

Recently, Kenevey et al. studied the thermal stability of ceria–
zirconia catalyst materials, and found that segregation took place
when the Ce0.5Zr0.5O2 system was calcined at 950 ◦C under oxidiz-
ing conditions for a longer time to 16 h, which was considered to
be surface-energy-driven [21]. Moreover, Reddy et al. reported that
formation of zirconia rich phase increased with calcination tem-
perature for ceria–zirconia solid solution [22].

From these studies, it can be seen that the roles of the com-
ponents and the interaction between active species and the sup-
port are complicated and still open for discussion. Especially for
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the solid solution supported catalysts, the complex composition
and the surface segregation of the supports make it difficulty to
understand the catalytic behavior of these catalysts. It is reason-
able to suggest that there are some micro-zones which present
a similar property like that of the pure ceria and/or zirconia as
a support. The present investigation was undertaken against the
aforementioned background, to explore the role of ceria and zirco-
nia in ceria–zirconia solid solution as a catalysts support, we have
prepared samples of molybdena supported on ceria, zirconia and
mixture of ceria and zirconia but not ceria–zirconia solid solution
by considering the segregation in the solid solution, and investi-
gate the interaction between molybdena and ceria and/or zirconia
by XRD, LSR, FT-IR and H2-TPR.

2. Materials and methods

2.1. Catalyst preparation

CeO2 and ZrO2 (Tet) supports with BET surface area of 72 and
119 m2 g−1 were prepared as described elsewhere [23,24]. CeO2–
ZrO2 mixed oxide support was prepared by fully grinding the mix-
ture of CeO2 and ZrO2, in which the weight-ratio of CeO2/ZrO2
was 119/72. In this case, the surface area of CeO2 support is equal
to that of ZrO2 in the mixture.

To prepare molybdena supported catalysts, a mixture contain-
ing a requisite amount of MoO3 and an adopted support was ini-
tially grinded and then calcined at 450 ◦C in flow air for 24 h. For
simplicity, the resulted catalysts are denoted as xMo/support, for
example, 0.2Mo/Ce corresponds to the MoO3/CeO2 catalyst with a
Mo6+ loading amount of 0.2 mmol/100 m2 CeO2.

2.2. Instrument

X-ray diffraction (XRD) patterns were recorded on a Philips
X’pert Pro diffractometer using Ni-filtered CuKα radiation
(0.15418 nm). The X-ray tube was operated at 40 kV and 40 mA.

Laser Raman spectra (LRS) were recorded on a Renishaw In-
via spectrometer, a laser at 514.5 nm was used as the excitation
light. Raman spectra were obtained by co-adding 3 scans of 20 s
at 4 cm−1 resolution and 20 mW laser power under ambient con-
ditions.

In situ Fourier transform infrared (FT-IR) spectra of ammonia
(NH3) adsorbed on Mo/support were recorded on a Nicolet 5700
FT-IR spectrometer at a spectral resolution of 4 cm−1 and 32 s
scans were co-added. NH3 adsorption was performed by exposing
a self-supporting wafer of a catalyst (about 10 mg), mounted in
a commercial controlled environment chamber (HTC-3), to a high-
purity N2 stream at 400 ◦C for 1 h. After cooling down to room
temperature, the wafer was exposed to NH3 (99.999%) stream at a
flow rate of 5 mL min−1 for 30 min. The wafer was then flushed
with high-purity N2 stream for 30 min. IR spectra were recorded
at various target temperatures under high-purity N2 stream, and
the temperature was increased at a rate of 10 ◦C min−1.

Temperature-programmed reduction (TPR) was carried out in a
quartz U-tube reactor connected to a thermal conduction detec-
tor (TCD) with H2–Ar (7.3% H2 by volume) as reductant. 100 mg
sample was used for each measurement. Before switched to H2–
Ar stream, the sample was pretreated in a N2 stream at 100 ◦C for
1 h. TPR starts at room temperature at a rate of 10 ◦C min−1.

3. Results and discussion

3.1. XRD results

Fig. 1 presents the XRD patterns of Mo/Ce, Mo/Zr and Mo/Ce +
Zr samples before and after calcination. For a comparison, the pat-
(A)

(B)

Fig. 1. XRD patterns of various molybdena supported samples before (panel A) and
after (panel B) calcination.

terns of CeO2, ZrO2 and MoO3 are shown in panel A in Fig. 1. Irre-
spective of support and the loading amount of molybdena, charac-
teristic peaks of crystalline appear in the samples before calcina-
tions, i.e., at 2θ = 12.8◦ , 23.4◦ , 25.7◦ , 27.4◦ which are attributed to
the characteristic diffraction peaks of crystalline MoO3 (PDF-ICDD;
Card No. 47-1320). Increase in the loading amount of molybdena
evidently leads to enhance in the peak intensities. These peaks
were not detected in the patterns of the calcined samples, in which
only the peaks in association with the support (CeO2 or ZrO2) ap-
pear. Since there are no peaks associated with compounds that
result from the reactions between molybdena and oxide supports,
it can be suggested calcination mainly leads to molybdena highly
dispersed on the oxide supports.

It has been established that the dispersion of molybdena on
oxide support is mainly determined by the shielding effect of the
three capping O atoms [25–27], and as such, the dispersion ca-
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pacity of molybdena on most oxide supports is 0.8 mmol Mo6+/
100 m2. This situation also applies to CeO2 and ZrO2 (Tet), even
though the numbers of surface vacant sites of CeO2 and ZrO2
(Tet) by considering their preferentially exposed (111) crystal plane,
are evidently different, being 1.2 and 1.43 mmol/100 m2 respec-
tively [28,29]. Accordingly, for the loading amounts of molybdena
adopted in this study, i.e., 0.2 and 0.8 mmol Mo6+/100 m2, for-
mation of crystalline MoO3 is not appreciable, irrespective of CeO2
and ZrO2 are used as support individually or in mixed oxide. This
is consistent with the XRD result.

3.2. LRS results

Raman spectroscopy is a powerful tool to elucidate the struc-
ture of some metal oxides supported on various catalytic sup-
port materials. To track the structure changes of molybdena taking
place on different supports, Raman spectra of the samples before
and after calcination were recorded. Fig. 2 shows Raman spectra
in 700–1100 cm−1 of these catalysts. For a comparison, the Ra-
man spectra of CeO2, ZrO2 and MoO3 are shown in panel A in
Fig. 2. It can be found that no Raman signal could be detectable
in the spectra of CeO2 and ZrO2. The Raman bands at 818 and
996 cm−1 corresponding to stretching vibrations of Mo–O–Mo and
Mo=O bonds in crystalline MoO3 can be detected for each sam-
ple in panel A [30]. Both bands disappear after calcination, while
new broad Raman bands corresponding to the surface molybdena
species could be found in panel B at about 800–830 and 920–
970 cm−1. It was well documented that the bands at 800–830 and
920–970 cm−1 were corresponds to the symmetric stretching vi-
bration of Mo–O–M bond (M=Mo, Ce or Zr) and of the symmetric
stretching mode of Mo=O bond in surface molybdate species [30–
32]. Obviously, the Raman result corroborates the XRD result, i.e.,
molybdena is mainly dispersed on the surface of the support after
calcinations.

For molybdena supported on CeO2 and ZrO2, the center of the
band corresponding to the asymmetric stretching vibration of Mo–
O–support is ∼820 and 830 cm−1, respectively; while the band
corresponding to the stretching vibration of Mo=O bond is ∼921
and 933 cm−1, respectively. This shift is resulted from the differ-
ence of radius of Ce4+ and Zr4+. As discussed elsewhere [33], for
the same bond, the shorter the bond length is, the higher the Ra-
man frequency is. It is well known that the radius of Ce4+ (0.92 Å)
is larger than that of Zr4+ (0.80 Å). Then it is reasonable to sup-
pose that the bond length of Mo–O–Ce is longer than Mo–O–Zr, so
the frequency of Mo–O–Ce is lower than that of Mo–O–Zr. Simi-
larly, the length of Ce–O bond is longer than Zr–O, leading to the
length of bond Mo–O in Ce–O–Mo is shorter than that in Zr–O–
Mo due to the electron balance. Then the bond length of Mo=O in
Mo/Ce is longer than that in Mo/Zr. Thus the Raman shift of Mo=O
in Mo/Ce is lower than that in Mo/Zr.

Additionally, the band at <955 cm−1 is attributed to the
stretching vibration of Mo=O in isolated molybdena species and
the band at >955 cm−1 is attributed to that of polymeric molyb-
date species [19,34]. Then it can be concluded that the molybdena
is isolated species at low loading and is polymeric species at higher
loading (shown as in Fig. 3A) by considering the surface structure
of CeO2 and ZrO2. For the calcined samples, the spectra present a
obvious feature that the Raman bands corresponding to the dis-
persed surface molybdena species are widened compared those
crystalline molybdena species. When the molybdena loading in-
creasing from 0.2 to 0.8 mmol/100 m2 the center of the band
corresponding to Mo–O–X bond shifts to lower frequency position
from 822 to 800 cm−1; while the band corresponding to Mo=O
bond shifts to higher frequency position from 921 to 956 cm−1,
respectively. These Raman shifts should also be related to the dif-
ference of the distance of Mo=O and Mo–O in 02Mo/support and
(A)

(B)

Fig. 2. Raman spectra of various molybdena supported samples before (panel A) and
after (panel B) calcination.

08Mo/support samples. For simplicity, the schematic diagram of
the structure of surface molybdena were proposed based on the
literatures [35,36], shown in Fig. 3B (I represents isolated MoO2−

4 ,
II represents polymeric molybdate), where M represents Ce4+ or
Zr4+. The frequency of Mo=O bond for type II is higher than that
in type I, which indicates the bond length for type II is shorter
than that in type I. For the O=Mo–O–M unit, the bond length of
Mo–O–M in type II should be longer than that in type I due to the
electronic balance. Consequently, the frequency of Mo–O–M shift
to low frequency when the molybdena loading increases from 0.2
to 0.8 mmol/100 m2.

It is worth noting that the stretching frequencies of molybdena
on mixed supports at lower loading amount of molybdena, i.e.,
0.2 mmol Mo6+/100 m2, are more close to those on CeO2. This
feature is not obvious at 0.8 mmol Mo6+/100 m2. Consequently,
it can be suggested that molybdena is preferentially dispersed on
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(A)

(B)

Fig. 3. Schematic diagrams: model for molybdena dispersed on (111) plane of CeO2

or ZrO2 (panel A); the corresponding structure of molybdena (I: isolated molybdate,
II: polymeric molybdate (M=Ce or Zr)) (panel B).

the surface of CeO2 at low loading amount of molybdena, and the
dispersion on ZrO2 also takes place at higher loading amount, i.e.,
0.8 mmol Mo6+/100 m2.

3.3. IR results

To further explore the relationship of the interaction between
the molybdena and mixed oxide support, IR spectra of ammonia
adsorption on MoO3/CeO2, MoO3/ZrO2, MoO3/CeO2–ZrO2 samples
were recorded. IR spectra of ammonia adsorbed on acidic catalysts
as well as molybdena catalysts have been researched extensively
[37–46]. The vibration of N–H deformation of absorbed ammo-
nia molecule, region in 1000–1700 cm−1, is an important indi-
cator to distinguish the Lewis and Brönsted acid [38–41]. Room-
temperature IR spectra of various samples are shown in Fig. 4. The
spectra present the following several features: (1) for all the sam-
ples, two peaks are observed, a weak peak at 1596–1604 cm−1,
a peak at 1416–1435 cm−1, which gains intensity with increas-
ing the loading amounts of molybdena. (2) the peaks below
1250 cm−1 are strongly dependent on the nature of the oxide sup-
port, i.e., only one peak at 1160 cm−1 appears in 0.8Mo/Ce sample;
but two peaks appear at 1230 and 1112 cm−1 in 0.8Mo/Zr sample.

Alejandre et al. [39] have proven that the band at about
1600 cm−1 is associated with the asymmetric deformation vibra-
tion of ammonia adsorbed on Lewis acid site, and the band with
two split components at 1222 and 1155 cm−1 is due to the sym-
metric deformation of this kind of ammonia. On the other hand,
many studies confirm that the band at 1445 cm−1 is attributed to
the asymmetric deformation mode of ammonia cations (NH+

4 ) ad-
sorbed on Brönsted acid site [38–45]. Therefore, it can be found
that in the 02Mo/Ce sample, both Lewis acid and Brönsted acid
sites exist, as indicated by the bands at 1591 and 1128 cm−1 (Lewis
acid sites) and 1417 cm−1 (Brönsted acid sites).

Moreover, it should also be noted that: (1) in the spectra of
02Mo/support samples (panel A in Fig. 4), both bonds correspond-
ing to Lewis acid and Brönsted acid are very weak except the
symmetric deformation vibration of N–H. In contrast, the inten-
sity of the bonds corresponding to Brönsted acid is intensified
(A)

(B)

Fig. 4. IR spectra of ammonia adsorption on various molybdena supported samples
at room temperature.

evidently with the molybdena loading (i.e., 0.8 mmol/100 m2) in
panel B. Since Raman spectra have proven that the molybdena is
isolated species at low loading amount and polymeric species at
high loading amount, which can be concluded that the amount
of Brönsted acid sites increase with the formation of polymeric
molybdate species; (2) for the Mo/Ce samples, only one peak ap-
pears, i.e., at 1128 cm−1 for 02Mo/Ce and 1160 cm−1 for 08Mo/Ce,
respectively; for the Mo/Zr samples, two peaks are observed, i.e., at
1190 and 1102 cm−1 for 02Mo/Zr and at 1230 and 1112 cm−1 for
08Mo/Zr. This suggests that there is one kind of Lewis acid sites
in Mo/Ce samples and that there are two kinds of Lewis acid sites
in Mo/Zr samples; (3) only the peaks associated with the symmet-
ric deformation vibration of N–H are detected in the spectra of
Mo/Ce + Zr samples. For the 02Mo/Ce + Zr sample, a peak appears
at 1134 cm−1; for 08 Mo/Ce + Zr sample, two peaks appear at 1124
and 1222 cm−1, which are close to those in the 08Mo/Zr sample.
This corroborates the Raman result that molybdena is preferen-
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(a)

(b)

Fig. 5. IR spectra of ammonia adsorption on various molybdena supported samples. Adsorption temperatures are shown in the figure.
tially dispersed on the surface of CeO2 at low loading amount of
molybdena, and the dispersion of molybdena on both on CeO2 and
ZrO2 takes place at high loading.

As reported elsewhere [47,48], both acidic and basic sites exist
on the surface of CeO2 and ZrO2, but the nature of base strength
are dependent on nature of oxides. Zaki et al. [47] reported that
there is one kind of basic site on the surface of ZrO2, in contrast,
there are two kinds of basic sites on the surface of CeO2. Martin
et al. [48] have tested acid and base strengths of some oxides and
confirmed that the base strength of CeO2 is higher than ZrO2. On
the other hand, molybdena is a well-known acidic oxide, having a
higher tendency to interact with base oxide. These account for the
preferential dispersion of molybdena on CeO2.

Fig. 5 shows the IR spectra were recorded at the different
adsorption temperatures. It can be found that: (1) with increas-
ing the adsorption temperature, all the peaks associated with ad-
sorbed ammonia are diminished gradually, but the peak associated
with ammonia on Brönsted acid sites (disappears at 200 ◦C) de-
creases faster than that on Lewis acid sites (disappears at 300 ◦C).
This indicates that interaction of ammonia with Lewis acid sites
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Fig. 6. TPR profiles of various molybdena supported samples: (a) 0.2Mo/Ce,
(b) 0.8Mo/Ce, (c) 0.2Mo/Zr, (d) 0.8Mo/Zr, (e) 0.2Mo/Ce + Zr, (f) 0.8Mo/Ce + Zr, (g)
t-ZrO2, (h) CeO2.

is stronger than that with Brönsted acid sites. (2) The band at
1128 cm−1, which is corresponding to ammonia adsorbed on Lewis
acid sites (δsN–H) in the spectrum of 02Mo/Ce sample, is steadily
shifted to 1178 cm−1 when the adsorption temperature is in-
creased to 200 ◦C. This phenomenon is also observed in the spectra
of 02Mo/Ce + Zr sample but not in those of 02Mo/Zr sample. This
also corroborates the suggestion that molybdena is preferentially
dispersed on CeO2 in CeO2 and ZrO2 mixture at lower loading
amount.

3.4. TPR results

Fig. 6 presents the TPR profiles of the Mo/Ce, Mo/Zr and
Mo/Ce + Zr samples. The profiles are shown in the temperature
scale from 300 to 700 ◦C because no evident reduction peaks ap-
pear below 300 ◦C. For a comparison, the TPR profiles of CeO2 and
ZrO2 (Tet) are also presented in Fig. 6. It can be seen that ZrO2
is not reduced in this temperature scale, and a weak peak appears
in the profile of CeO2 at 508 ◦C. As reported elsewhere [49], reduc-
tion of bulk MoO3 takes place when temperature is beyond 700 ◦C,
giving rise to two peaks at 767 and 997 ◦C, which correspond to
MoO3 → MoO2 and MoO2 → Mo, respectively. Only one reduc-
tion peak is detected in the profiles of the molybdena supported
samples presented in Fig. 6, at temperatures between 460–550 ◦C.
This peak should rather be associated with the reduction of sur-
face dispersed MoO3 to MoO2 than the reduction of CeO2, because
it is also observed in the MoO3/ZrO2 sample, in which CeO2 is
not presented. As the loading amount of molybdena is increased
from 0.2 to 0.8 mmol Mo6+/100 m2 support, the peak gains in-
tensity evidently and the maximum of hydrogen consumption is
shifted to higher temperature. This can be attributed to the forma-
tion of polymolybdena species, as indicted by Raman and IR spec-
tra. Another feature worth noting is that at both loading amounts
of molybdena, i.e., 0.2 and 0.8 mmol Mo6+/100 m2, the temper-
atures at which maximum of hydrogen consumption appears in
the Mo/Ce + Zr are relatively closer to those in the MoO3/CeO2
samples. This further supports the suggestion that molybdena is
preferentially dispersed on the surface of CeO2.
4. Summary

1. LRS results show that isolate MoO2−
4 species is the primary

molybdena species at low loading amount, e.g., 0.2 mmol
Mo6+/100 m2 support, but polymeric molybdate species pre-
dominates when the loading amount is increased to 0.8 mmol
Mo6+/100 m2 support.

2. IR spectra of ammonia adsorption indicate that both Lewis
and Brönsted acid sites exist on the catalysts addressed in this
paper. More L acid sites are formed at lower loading of molyb-
dena, but B acid sites are predominated at higher loading of
molybdena.

3. For the Mo/Ce + Zr sample, a combination of LRS, FT-IR and
TPR results confirms that the molybdena is preferentially dis-
persed on the surface of CeO2 at lower loading of molybdena
because the base strength of CeO2 is stronger than that of ZrO2
(Tet).
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