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XRD, LRS, TPR and in situ NH3 adsorption FT-IR were used to investigate the dispersion state of the copper
oxide and molybdena species of MoO3/CeO2 and CuO/MoO3/CeO2 catalysts as well as their surface acidity.
The results showed that the molybdena monolayer modification promoted the dispersion of CuO due to
the formation of new tetrahedral vacancies. Meanwhile, CuO changed the structure of molybdenum spe-
cies and then influenced the surface acidity of the samples. A detail discussion about the possible model
of the surface structure of the catalyst was presented. In addition, combining with the in situ NH3 adsorp-
tion FT-IR, the relationships between the activities for ‘‘NO + NH3 + O2’’ reaction and surface acid proper-
ties (Brønsted and Lewis acid sites) of the catalysts were discussed.

� 2011 Published by Elsevier Inc.
1. Introduction

Supported molybdenum catalysts have been widely investi-
gated during the past decades for their importance in industrial
applications, such as hydrodesulfurization (HDS), hydrodenitro-
genation (HDN), and selective oxidation [1–7]. In many practical
applications, another metal oxide was often added as promotion
agent for molybdena-based catalysts. For example, NiAMo and
CoAMo supported on c-Al2O3, TiO2 or ZrO2 are widely investigated
by many groups [8–18]. However, the investigation about
CuOAMoO3 catalysts is relatively less. According to the study of
Wang and coworkers, the CuOAMoO3/c-Al2O3 catalyst had higher
activity than CuO/c-Al2O3 and MoO3/c-Al2O3 for the oxidative
decomposition of (CH3)2S2 [19]. Ei-Shobaky investigated the
solid–solid interaction of CuOAMoO3/MgO system by thermal
analysis and concluded that the MoO3 interacted readily with mag-
nesium oxide and copper oxide to produce MgMoO4 and CuMoO4

[20]. Mohamed studied the acidic sites of silica-supported
CuOAMoO3 by pyridine adsorption [21]. Nevertheless, the interac-
tion between copper species and molybdena species, and the rela-
tionship between the structure of molybdenum species and acidic
properties of these catalysts, is not clear yet.

NOx is the major component of air pollution, and then many
methods have been used to reduce its emission [22–25]. Among
them, selective catalytic reduction (SCR) using transition metal
oxides (supported/unsupported) catalysts with ammonia as the
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reducing agent is widely used for deNOx in stationary pollution
sources due to its high efficiency [26–28]. The reaction mechanism
of ‘‘NO + NH3 + O2’’ has been reviewed extensively, and the surface
acidity is considered to be tightly related with the reaction activity
[29,30]. However, almost all of these investigations are concerned
with vanadia-based catalysts. Comparatively, fewer investigations
about the molybdena-based catalysts for SCR are reported. In our
previous work [31], the study focused on the influence of different
metal oxides (NiO, CuO and Fe2O3) on the surface structure and
reactivity for SCR of MoO3/CeO2 catalysts.

Herein, we prepared a series of CuO/MoO3/CeO2 catalysts with
the different loading amounts of MoO3 and CuO. The dispersion state
of copper species and molybdena species, the influence of copper
oxide on the structure of molybdena species, and the relationship
between the structure of molybdenum species and acidic properties
of MoO3/CeO2 and CuO/MoO3/CeO2 catalysts were studied in detail.
A tentative model for the formation and the coordination environ-
ment of surface molybdena species in these catalysts has been sug-
gested. These results should be helpful for understanding the
‘‘NO + NH3 + O2’’ reaction mechanism and developing more effective
catalysts, particularly for multicomponent-supported catalysts.
2. Material and methods

2.1. Catalyst preparation

CeO2 support, with a BET surface area of 59.6 m2 g�1, was pre-
pared by calcining Ce(NO3)3�6H2O at 550 �C in flowing air for 5 h.
MoO3 was pretreated at 450 �C in flowing air for 5 h.
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The MoO3/CeO2 samples were prepared by heating the mechan-
ical mixtures with the required amounts of MoO3 and CeO2 at
450 �C in flowing air for 24 h [32,33]. The MoO3 loadings of the
mixtures were 0.2, 0.4, 0.8, 1.2, 2.0, 2.4 mmol/100 m2 CeO2, respec-
tively. The samples were denoted as yMo/Ce, e.g., 0.8Mo/Ce repre-
sented a sample with MoO3 loading of 0.8 mmol/100 m2 CeO2.

The CuO/MoO3/CeO2 samples were prepared by impregnating
MoO3/CeO2 supports with an aqueous solution containing required
amount of Cu(NO3)2. The samples were dried at 100 �C for 12 h and
then calcined at 450 �C in flowing air for 7 h. The loading amount of
CuO was calculated by referring the original surface area of CeO2 in
MoO3/CeO2 samples [34,35]. The samples were denoted as xCu/
yMo/Ce, e.g., 0.3Cu/0.8Mo/Ce means the loadings of MoO3 and
CuO are 0.8 and 0.3 mmol/100 m2 CeO2, respectively.
Fig. 1. XRD patterns of xCu/yMo/Ce samples with different MoO3 and CuO loadings.
(a) constant Mo loading 0.4 mmol/100 m2 with different CuO loadings. a–f: 0, 0.3,
0.6, 0.9, 1.2 and 1.8 mmol/100 m2, respectively and (b) constant Mo loading
0.8 mmol/100 m2 with different CuO loadings. g–n: 0, 0.3, 0.6, 0.9, 1.8, 2.4, 3.6 and
4.8 mmol/100 m2, respectively, and the quantitative XRD results of (c) xCu/0.4Mo/
Ce samples, and (d) xCu/0.8Mo/Ce samples.
2.2. Characterization

X-ray diffraction (XRD) patterns were obtained with a Philips
X’pert Pro diffractometer using Ni filtered Cu Ka1 radiation
(0.15418 nm). The X-ray tube was operated at 40 kV and 40 mA.

Brunauer–Emmett–Teller (BET) surface area was measured by
nitrogen adsorption at 77 K on a Micromeritics ASAP-2020 adsorp-
tion apparatus.

Laser Raman spectra (LRS) were recorded by using Renishaw
Invia spectrometer. Raman excitation at 514.5 nm was provided
by Ar+ laser. A laser power of 20 mW at the sample was applied.

Temperature-programmed reduction (TPR) was carried out in a
quartz U-tube reactor, and 100 mg sample was used for each mea-
surement. Before reduction, the sample was pretreated in N2

stream at 100 �C for 1 h and then cooled to room temperature.
After that, a H2AAr mixture (7% H2 by volume) was switched on
and the temperature increased linearly at a rate of 10 �C min�1. A
thermal conductivity cell was used to detect the consumption of
H2 on stream.

In situ Fourier transform infrared spectroscopy (FT-IR) of ammo-
nia adsorption was carried out on a Nicolet 5700 FT-IR instrument
(Thermo Electron Corporation, USA) running at 4 cm�1 resolutions.
The nature of acid sites was investigated using ammonia as the
probe molecule. A thin, but intact, self-supporting wafer
(�15 mg) of the adsorbents was prepared and mounted inside a
high-temperature cell (HTC-3, Harrick Scientific Corporation,
USA). The wafer was pretreated by N2 (99.999%) at 400 �C for 1 h.
After cooling to ambient temperature, NH3 (99.999%) was intro-
duced into the HTC at atmospheric pressure for 30 min, then the
cell was flushed by N2 for 30 min. After that, the HTC was heated
to 400 �C under N2 atmosphere at a rate of 10 �C min�1 and the
spectra were recorded at target temperatures.

The reaction activity tests of NO selective catalytic reduction by
ammonia (‘‘NO + NH3 + O2’’ reaction) were measured in a flow mi-
cro-reactor with a gas composition of 700 ppm NH3, 700 ppm NO,
4% O2 and 96% N2 by volume at a space velocity of
180,000 mL g�1 h�1, and 50 mg catalyst was used for each mea-
surement. The catalysts were tested at 200, 250, 300 and 350 �C,
respectively, and the tail gas was analyzed by Saltzman method.
3. Results and discussion

3.1. XRD

Fig. 1 presents the XRD results of xCu/yMo/Ce samples. As
shown in Fig. 1a and b, for the 0.4Mo/Ce and 0.8Mo/Ce samples,
no peak of crystalline MoO3 is observed. The results are in agree-
ment with our previous studies in which the dispersion capacity
of MoO3 on the surface of CeO2 is 0.8 mmol/100 m2 [31,32]. That
is, when the MoO3 loading amount is 60.8 mmol/100 m2 CeO2,
MoO3 is highly dispersed on the surface of CeO2. Therefore, the
0.8Mo/Ce sample can be similarly considered as CeO2 modified
by monolayer MoO3.

For the xCu/0.4Mo/Ce samples, the peaks of crystalline CuO at
about 35.5� and 38.8� can be observed in curve d, e and f of
Fig. 1a, corresponding to the CuO loadings of 0.9, 1.2 and
1.8 mmol/100 m2, respectively. As shown in Fig. 1b, for the xCu/
0.8Mo/Ce samples, no characteristic peaks of CuO can be observed
when the CuO loading is less than 1.8 mmol/100 m2. According to
the XRD quantitative analysis [32,33], the dispersion capacities of
CuO on 0.4Mo/Ce and 0.8Mo/Ce supports are 0.73 and
2.06 mmol/100 m2, respectively, as shown in Fig. 1c and d. As
reported previously, the dispersion capacity of CuO on CeO2 sup-
port is about 1.22 mmol/100 m2 [36]. Obviously, for molybdena
monolayer–modified CeO2, the dispersion capacity of copper oxide
increases greatly, while for the half-layer molybdena-modified
CeO2, no promotion effects on CuO dispersion can be observed.

When CeO2 is pre-modified by monolayer MoO3, two-thirds of
the available vacancies are occupied by Mo6+ cations and the



Fig. 2. Schematic representation of the (a) monolayer MoO3-modified CeO2, (b) half layer MoO3-modified CeO2, (c) dispersed CuO on monolayer MoO3-modified CeO2, (d)
dispersed CuO on half layer MoO3-modified CeO2.
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accompanying oxygen anions form a close-packed monolayer on
the surface. As Fig. 2a shows, the capping oxygen anions of Mo6+

cations form new tetrahedral vacancies on the surface of CeO2 sup-
port and Cu2+ cations can incorporate into half of the tetrahedral
vacancies. Consequently, the estimated monolayer CuO loading is
about 2.44 mmol/100 m2. However, the experimental value
(2.06 mmol/100 m2) is less than the calculated one (2.44 mmol/
100 m2). The possible reason might be the electrostatic repulsion
of Mo6+. It can be seen from Fig. 2a that some Mo6+ cations (such
as site 1) locate just below the tetrahedral vacancies and their elec-
trostatic repulsion on the nearby cations may inhibit the incorpo-
ration of Cu2+. Thus, the CuO could not reach the maximum
dispersion as theoretic calculation predicts. As Fig. 2c shows, some
vacancies (such as site 1) exist in the CuO ‘‘monolayer’’, leading to
the less dispersion capacity than theoretic value.

For samples with lower Mo loading (xCu/0.4Mo/Ce), the Mo
species might be isolated from each other, as shown in Fig. 2d. The
tetrahedral vacancies formed by capping oxygen ions linking with
Mo6+ are much less than monolayer MoO3-modified CeO2 support.
Thus, the promotion effect on the dispersion of Cu2+ is limited. In
addition, each Mo6+ links with three capping oxygen anions, some
vacancies will be shielded by the nearby oxygen ions (such as site
2), leading to the decrease in the effective vacancies. Thus, the
practical dispersion of xCu/0.4Mo/Ce samples (0.73 mmol/100 m2)
is very close to the theoretic value (�0.82 mmol/100 m2, i.e., the
density of unoccupied vacancies on the surface of CeO2 of 0.4Mo/
Ce sample).

3.2. LRS

The LRS spectra of yMo/Ce samples are presented in Fig. 3a.
When the MoO3 loading in samples is greater than 0.8 mmol/
100 m2 CeO2, the characteristic bands of crystalline MoO3 at 665,
818 and 995 cm�1 can be observed. For the samples with low
MoO3 loading (60.8 mmol/100 m2), two bands generate at 802–
830 and 921–964 cm�1, which are attributed to the stretching
vibration of MoAOAMo or MoAO-support [37] and terminal
Mo@O of dispersed molybdena species, respectively [37,38]. When
the MoO3 loading exceeds the dispersion capacity, the vibration
peaks of MoAOAMo or MoAOACe of dispersed MoO3 species can
hardly be observed because of the overlap of the strong peak of
crystalline MoO3 at 818 cm�1, while the intensity and the fre-
quency of peaks corresponding to Mo@O terminal of dispersed
MoO3 keeps almost unchanged (�959 cm�1), indicating that crys-
talline and dispersed molybdena both exist in these samples.

For the samples with MoO3 loadings 60.8 mmol/100 m2, with
MoO3 loadings increasing, the frequency of Mo@O terminal vibra-
tion shifts to higher wavenumber, which indicates that the struc-
ture of Mo species changes. The Raman band at 921 cm�1 for
0.2Mo/Ce should be attributed to the symmetric stretching mode
of the Mo@O terminals in the surface isolated tetrahedral molyb-
dena species, while the band at about 964 cm�1 for 0.8Mo/Ce
should be attributed to the terminal Mo@O in the surface poly-
meric octahedral molybdena species [39]. With the molybdena
loadings increasing (from 0.2 to 0.8 mmol/100 m2 CeO2), the iso-
lated tetrahedral molybdena gradually changes into the octahedral
polymolybdate species and the frequency of terminal Mo@O
stretching mode shifts from 921 to 964 cm�1.

The LRS spectra of xCu/yMo/Ce samples are shown in Fig. 3b and
c. The results show that only one kind of MoAO vibration frequency
appears at about 875–886 cm�1 in xCu/0.4Mo/Ce samples (Fig. 3b),
implying the overlap of vibration frequency of terminal Mo@O and
MoAO-support. The molybdena species in xCu/0.4Mo/Ce samples
should be in the almost regular tetrahedral coordination



Fig. 3. LRS patterns of xCu/yMo/Ce sample with different MoO3 and CuO loadings. (a) yMo/Ce samples with Mo loading a: 0.2, b: 0.4, c: 0.8, d: 1.2, e: 2.0 and f: 2.4 mmol/
100 m2; (b) xCu/yMo/Ce samples with Mo loading 0.4 mmol/100 m2 and CuO loading a: 0, b: 0.3, c: 0.6 and d: 0.9 mmol/100 m2, respectively; and (c) xCu/yMo/Ce samples
with Mo loading 0.8 mmol/100 m2 and CuO loading a: 0, b: 0.3, c: 0.6 and d: 0.9 mmol/100 m2, respectively. Inset: the magnification of 0.2Mo/Ce.
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environment [40], i.e., the Mo atom has two Mo@O bonds and two
MoAO-support bonds with almost same bond length, due to the
interaction between copper oxide species and molybdena species
on CeO2 surface. Taking into account the valence sum rule, the
sum of all the MoAO bond orders for a Mo oxide species should equal
to six. According to the calculation [40], the bond order of a single
MoAO in 0.3Cu/0.4Mo/Ce, 0.6Cu/0.4Mo/Ce and 0.9Cu/0.4Mo/Ce is
1.55, 1.58 and 1.58 and then the total bond order should be 6.2,
6.3 and 6.3, respectively. The total bond order is very close to six,
suggesting that the proposed tetrahedral structure of Mo species
in xCu/0.4Mo/Ce samples is reasonable.

For xCu/0.8Mo/Ce samples, the terminal Mo@O bonds have a
peak at 900–911 cm�1 with a shoulder at about 964 cm�1, as
shown in Fig. 3c. According to the above results, the band at about
964 cm�1 is attributed to the terminal Mo@O of octahedral poly-
molybdate species, which indicates some molybdena species in
xCu/0.8Mo/Ce samples keep polymeric octahedral structures. But
the terminal Mo@O bonds at 900–911 cm�1 is the main, which is
different from 0.8Mo/Ce sample. This result indicates that the
structures of some molybdena species in xCu/0.8Mo/Ce samples
change dramatically. The wavenumber 900–911 cm�1 is very close
to that of MoO2�

4 (aq) anions (897 cm�1) with an irregular tetrahe-
dral structure [40], implying the molybdena species in xCu/0.8Mo/
Ce are mainly in the tetrahedral coordination environment.
Fig. 4. Schematic drawing of structures of molybdena for t
Theaboveresultsindicatethestrongeffectsofcopperoxidesonthe
structure of surface molybdena species. When the copper oxides dis-
perseonthe0.4Mo/Cesample,Cu2+cationsincorporateintothetetrahe-
dral vacancies of capping oxygen anions linking with Mo6+ and some
molybdena species change into nearly normal tetrahedral coordina-
tion, which are symmetrical stable structures. While for xCu/0.8Mo/
Cesamples,themolybdenaspeciespresentadistorted,irregulartetra-
hedral structure other than octahedrally molybdena structure of
0.8Mo/Cesample.TheresultsimplythattheinteractionbetweenCu2+

and the capping oxygen ions linking with Mo6+ is fairly strong, which
mayleadtothefollowingeffectsasFig.4shows:

1. The bond intensity of Mo@O decreases, leading to the increase
in bond length and decrease in bond order, which makes its
Raman frequency shift to the lower wavenumber. As a result,
the MoO4 structures of xCu/0.4Mo/Ce samples change into more
regular tetrahedral structures, as shown in Fig. 4a.

2. For xCu/0.8Mo/Ce samples, some of the MoAOAMo bonds are
destroyed, and the structure changes from polymeric octahe-
dral one into tetrahedral ones, as shown in Fig. 4b.

Furthermore, the quantitative analysis has been tentatively em-
ployed for the xCu/0.8Mo/Ce samples as shown in Fig. 3c, and the
similar treatment has been reported elsewhere [41]. According to
he surface of (a) xCu/0.4Mo/Ce and (b) xCu/0.8Mo/Ce.



Fig. 5. TPR profiles of xCu/yMo/Ce samples. a: 0.3Cu/0.4Mo/Ce, b: 0.6Cu/0.4Mo/Ce,
c: 0.3Cu/0.8Mo/Ce, d: 0.6Cu/0.8Mo/Ce, e: 0.3Cu/Ce and f: 0.8Mo/Ce.

W. Yu et al. / Journal of Colloid and Interface Science 364 (2011) 435–442 439
the calculation, the peak area ratios of octahedral Mo@O terminals
(�965 cm�1) and tetrahedral ones (�900 cm�1) are about 0.20,
0.12 and 0.05 for 0.3Cu/0.8Mo/Ce, 0.6Cu/0.8Mo/Ce and 0.9Cu/
0.8Mo/Ce, respectively. The results indicate that the addition of
copper oxides changes the Mo species from polymeric octahedral
structure into tetrahedral ones in a stepwise manner.
3.3. H2-TPR

Fig. 5 shows the H2-TPR profiles of some xCu/yMo/Ce samples.
There are three reduction peaks for the xCu/0.4Mo/Ce (x = 0.3 and
0.6) samples. The two reduction peaks at lower temperatures (below
200 �C), which have the similar shapes and reduction temperatures
with those of CuO/CeO2 samples, can be attributed to the stepwise
reduction of CuO species dispersed on CeO2 support (denoted as
Cu I species) [42,43]. The peak at about 235 �C should be attributed
to the reduction of CuO dispersed on the pre-loaded MoO3 species
(denoted as Cu II species), for there are no reduction peaks in this
range (220–450 �C) in 0.3Cu/Ce and 0.8Mo/Ce samples, as shown
in Fig. 5e and f. The Cu2+ ions dispersed on MoO3 are more difficult
to be reduced than those dispersed on CeO2. The Cu2+ ions of the cop-
per oxide dispersed on CeO2 are penta-coordinated, which are
unstable and easy to be attacked by reductive molecules (e.g., H2).
While the Cu2+ ions dispersed on MoO3 incorporate into the
tetrahedral vacancies of capping oxygen linking to Mo6+ ions to form
a stable tetrahedral coordinated structure, which are more difficult
to be reduced [35].

For the samples with monolayer MoO3 loading (0.3Cu/0.8Mo/Ce
and 0.6Cu/0.8Mo/Ce), the reduction peaks at about 233 �C can be
attributed to Cu II species. However, no peaks of Cu I species can
be observed, indicating that all the CuO species disperse on the
MoO3 monolayer and the interaction between CuO and CeO2 is
blocked.
3.4. In situ NH3 adsorption FT-IR

For further investigation of the interaction between the struc-
ture of molybdenum species and the surface acidity of the samples,
ammonia adsorption in situ FT-IR has been performed. In situ NH3

adsorption FT-IR results in NAH bending region (ranging from
1750 to 1100 cm�1) of 0.4Mo/Ce and 0.8Mo/Ce samples are pre-
sented in Fig. 6a and d. For the sample with low MoO3 loading
(0.4 mmol/100 m2), a very weak peak at 1460 cm�1 ascribed to
the asymmetry vibration of ammonia cation NHþ4 is detected
[44–48], which suggests that ammonia molecules are protonated
at the Brønsted acidity sites of the samples. With the temperature
increasing, the band disappears rapidly at about 100 �C, indicating
that the Brønsted acidity of yMo/Ce sample with low MoO3 loading
is very weak. The peaks at about 1255 cm�1 are attributed to the
symmetry deformation mode dsymNH3 [44–48], indicating the
adsorption of ammonia on the Lewis acid sites, i.e., coordinatively
unsaturated Mo6+ ions. The peaks at about 1630 cm�1 can be
attributed to the adsorption of water [49], which disappear rapidly
(before 100 �C) with the desorption of water at high temperature.

For 0.8Mo/Ce sample, the spectra have similar shape with
0.4Mo/Ce sample. However, the desorption temperature of NHþ4
(200 �C) is much higher than that of 0.4Mo/Ce, which indicates that
the Brønsted acid sites of 0.8Mo/Ce enhance obviously. In addition,
as shown in Table 1, the peak areas of NH3 adsorption on Brønsted
sites is also much larger than that of 0.4Mo/Ce, which indicates
that the quantity of Brønsted acid sites increase greatly with the
increase in MoO3 loading. These results indicate that with the in-
crease in MoO3 loading, the quantity and the intensity of Brønsted
acid sites both increase greatly. According to LRS results, for 0.4Mo/
Ce samples, Mo6+ species are mainly isolated tetrahedral structures
(coordination number: 4). The unsaturated coordinative structures
form the Lewis sites for ammonia adsorption. While the 0.8Mo/Ce
sample with monolayer MoO3 loading has octahedral Mo struc-
tures (coordination number: 6), which is coordinatively saturated.
As discussed above, the Brønsted acid sites increase greatly in
quantity and intensity with the MoO3 loadings increasing. Thus,
it is reasonable to assume that the polymeric Mo species forms
many hydroxyl groups on the surface, leading to increase in
Brønsted acid sites for ammonia adsorption. It is noteworthy that
the weak peak at about 1255 cm�1 implies the existence of Lewis
acid sites (although very few) on the polymeric molybdena species,
i.e., some ammonia molecules adsorb on coordinatively unsatu-
rated Mo6+ ions, i.e., four- or five-coordinated Mo atoms. The re-
sults indicate that both coordinatively saturated and unsaturated
Mo structures exist on the surface of 0.8Mo/Ce sample. The possi-
ble structures are shown in Fig. 7. Fig. 7a is the predominate con-
figuration of Mo species in 0.4Mo/Ce, and the Mo atoms are mainly
tetrahedrally coordinated [50,51]. As the Mo content is low, the
peak intensity of ammonia adsorption on the acid sites of 0.4Mo/
Ce is very weak. The possible configuration of 0.8Mo/Ce sample
is shown in Fig. 7b, which is similar to that of polymeric, octahe-
drally coordinated MoOx species proposed by Christodoulakis
et al. [51]. According to our experimental results, we assume that
Mo species in 0.8Mo/Ce may be the equilibrium as shown in
Fig. 7b and c. The structure (b) is easy to coordinatively adsorb
ammonia molecules and (c) is easy to combine NH3 to form NHþ4 .
When absorbing H2O molecules, the structures of Mo species con-
vert from (b) to (c), and the five-coordinated Mo atoms change into
octahedrally coordinated ones, which are more stable. Therefore,
the structure (c) should be predominating over structure (b) at
lower temperatures. With the temperature increasing, the hydrox-
yls condense with each other and form the unsaturated Mo species
as (b), which explains the rapid desorption of ammonia on
Brønsted sites.

The in situ NH3 adsorption FT-IR spectra of xCu/yMo/Ce samples
are presented in Fig. 6b, c, e and f. After addition of CuO, the peaks
of NH3 adsorbed on Brønsted sites at about 1440–1460 cm�1 are
greatly attenuated, while the peak areas of NH3 adsorbed on Lewis
sites at the range from 1200 to 1300 cm�1 increase obviously, as



Fig. 6. The NH3-in situ FT-IR spectra of xCu/yMo/Ce samples. (a) 0.4Mo/Ce, (b) 0.3Cu/0.4Mo/Ce, (c) 0.6Cu/0.4Mo/Ce, (d) 0.8Mo/Ce, (e) 0.3Cu/0.8Mo/Ce and (f) 0.6Cu/0.8Mo/Ce.

Table 1
The peak areas of NH3 chemisorbed on Brønsted acid and Lewis acid sites of xCu/yMo/
Ce samples at 25 �C.

Samples Peak areas

Brønsted (B) Lewis (L1 + L2)

0.4Mo/Ce 640 44
0.8Mo/Ce 2530 59
0.3Cu/0.4Mo/Ce 535 535
0.3Cu/0.8Mo/Ce 660 707
0.6Cu/0.4Mo/Ce 50 975
0.6Cu/0.8Mo/Ce 540 1585

440 W. Yu et al. / Journal of Colloid and Interface Science 364 (2011) 435–442
shown in Table 1. Two adsorption bands at about 1255 cm�1 and
1221–1236 cm�1 can be attributed to the adsorption of NH3 on
two different Lewis sites. The peak at 1255 cm�1 can also be ob-
served in yMo/Ce samples, so it should be the same Lewis acid sites
with yMo/Ce samples (marked as L1). However, the peak at
1221–1236 cm�1 does not appear at the FT-IR spectra of yMo/Ce
samples and should be attributed to the NH3 adsorption on a
new Lewis sites (marked as L2), implying the formation of new
molybdena species through interaction of Mo species and copper
oxides. Compared with the Lewis sites of the corresponding yMo/
Ce samples, the L2 peak disappears at much higher temperature
(about 350 �C), which means the existence of surface copper oxide
species enhances the interaction between molybdenum species
and ammonia, i.e., enhances the surface Lewis acidity of molybde-
num species. As discussed above, with the addition of CuO, part of
the polymeric molybdena species can transform to distorted tetra-
hedral molybdena species. So, it is reasonable to suggest that the
formation of the new Lewis acid sites on the surface of samples
should be related to the creation of the distorted tetrahedral
molybdena species, which also indicates that the interaction be-
tween Cu2+ and molybdena species is very strong. In addition, a
new peak at about 1355 cm�1 can be observed at temperature
higher than 100 �C and its intensity increases with the weakening
of ammonia desorption to form Lewis acid sites. It is concluded
that the peak is attributed to the decomposition products of NH3

adsorbed on Lewis acid sites. According to the literatures [47,48],
the peak is the wagging vibration of NH2 species. The peaks rang-
ing from 1624 to 1610 cm�1 may be the overlap of peaks of ad-
sorbed water and asymmetry deformation vibration of NH3

(about 1610 cm�1). And these peaks would shift to lower fre-
quency with the desorption of water at high temperatures.

According to the in situ NH3 adsorption FT-IR spectra and the peak
areas results of NH3 chemisorbed on Brønsted acid and Lewis acid
sites at 25 �C (Table 1), for xCu/yMo/Ce sample, with the CuO load-
ings increasing, the peak area of ammonia adsorption on Brønsted
sites gradually decreases (for 0.6Cu/0.4Mo/Ce, even no Brønsted
peaks can be observed). Meanwhile, the peak area of ammonia



Fig. 7. Schematic drawing of ammonia adsorption on various Mo species on the CeO2 surface.
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adsorption on Lewis acid sites obviously increases. It should be con-
cluded that Brønsted acid sites are substituted by Lewis acidity sites
in a stepwise manner with the successive addition of CuO.

3.5. Activity of ‘‘NO + NH3 + O2’’ reaction

Here the relationship of the surface acidity properties with
reaction activities (Fig. 8) of the catalysts for ‘‘NO + NH3 + O2’’ reac-
tion are discussed, combining with the results of NH3-adsorbed
in situ FT-IR.

As shown in Fig. 8, the NO conversions of 0.8Mo/Ce and xCu/
0.8Mo/Ce catalysts are much higher than those of 0.4Mo/Ce and
xCu/0.4Mo/Ce. According to the results of NH3-adsorbed in situ
FT-IR, the samples with monolayer MoO3 loading (0.8Mo/Ce and
xCu/0.8Mo/Ce) have much more acid sites than those with half-
layer MoO3 loading (0.4Mo/Ce and xCu/0.4Mo/Ce), which further
confirms the surface acid sites of the catalysts are active sites for
this reaction.

At the same temperature, the influence of CuO on the catalytic
activities of 0.4Mo/Ce is similar to that of 0.8Mo/Ce sample. The
influence of CuO on the catalytic activities of yMo/Ce is different
at different temperatures. At low temperature (200–250 �C), the
NO conversions of xCu/yMo/Ce (y = 0.4 and 0.8) are much higher
than those of yMo/Ce catalysts, respectively. As the discussion
about NH3-adsorbed in situ FT-IR, the addition of CuO obviously in-
creases the Lewis sites on the catalysts and at low temperature, the
ammonia molecules on L1 sites of xCu/yMo/Ce catalysts desorb to
form NH2 species. Thus, the L1 acid site should be the main active
site at low temperature. When the temperature reaches to 300 �C,
Fig. 8. The NO conversion for different catalysts in ‘‘NO + NH3 + O2’’ reaction.
the activities of yMo/Ce (y = 0.4 and 0.8) are enhanced significantly
compared with those at 250 �C, while the activities of xCu/yMo/Ce
samples decrease. The NO conversions of yMo/Ce are obviously
higher than those of xCu/yMo/Ce, respectively. According to the
FT-IR results, the addition of CuO decreases the Brønsted acid site.
Accordingly, the Brønsted acid sites should be the main active sites
at middle temperature. With the further increase of temperature to
350 �C, the activities of xCu/yMo/Ce increase obviously. According
to the results of NH3-adsorbed in situ FT-IR, the ammonia mole-
cules adsorbed on L2 Lewis acid sites begin to decompose. Conse-
quently, L2 Lewis acid sites should be active sites for this reaction
at high temperatures.
4. Conclusion

1. For molybdena monolayer–modified CeO2, the dispersion
capacity of copper oxide increases greatly due to the formation
of new tetrahedral vacancies on the surface of MoO3 layer.
While for the MoO3/CeO2 with low Mo loading, no promotion
effects on CuO dispersion can be observed.

2. For MoO3/CeO2 samples, molybdena is mainly in isolated tetra-
hedral coordination at low molybdena loading and these
molybdena species would form polymeric octahedral molybde-
na species gradually with the increase in molybdena loading.
After addition of CuO, the structures of molybdena species
change significantly: for Cu/0.4Mo/Ce samples, the tetrahedral
molybdena structures become more regular. While for Cu/
0.8Mo/Ce samples, the molybdena structures change from octa-
hedral structures into distorted tetrahedral ones with the suc-
cessive addition of copper oxides.

3. The molybdena structures relate to the surface acidity tightly:
the increase of MoO3 loading from 0.4 to 0.8 mmol/100 m2

CeO2, the surface Brønsted acidity is enhanced. After modified
by CuO, the strong interaction between CuO and molybdena
species decreases the Brønsted acidity significantly and pro-
duces a new strong Lewis acid site.

4. By analyzing the influence of CuO on the acidity properties and
‘‘NO + NH3 + O2’’ reaction activities of the MoO3/CeO2 catalysts,
it could be inferred that the main active sites of CuO/MoO3/
CeO2 catalysts at low, middle and high temperature are the
weak Lewis acid sites (L1), the Brønsted acid sites and the
strong Lewis acid sites (L2), respectively.
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