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Studies on surface structure of MxOy/MoO3/CeO2 system (M = Ni, Cu, Fe)
and its influence on SCR of NO by NH3
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A B S T R A C T

MoO3/CeO2 and MxOy/MoO3/CeO2 (M = Fe, Cu, Ni) catalysts had been characterized by XRD, TPR, LRS,

NH3-adsorbed in situ FT-IR and activity test for selective catalytic reduction (SCR) of NO by NH3. The

results suggested that the addition of NiO, CuO and Fe2O3 to MoO3/CeO2 catalysts had led to the different

structures of surface molybdena species, i.e., isolated regular tetrahedral, highly distorted tetrahedral

and polymerized octahedral molybdena species, revealing that the intensities of interaction between

molybdena species and these metal oxides could be listed as: NiO/MoO3/CeO2 > CuO/MoO3/

CeO2 > Fe2O3/MoO3/CeO2. Furthermore, it exhibited the same order for the surface acid intensities of

the Lewis acid sites of these samples. The reactivity of ‘‘NO + NH3 + O2’’ reaction is tightly related to acid

properties of the catalysts (no matter Brønsted or Lewis acid sites): At low temperature, a weak Lewis

acid site (L1) is the main active site for ‘‘NO + NH3 + O2’’ reaction; at middle temperature range, the

Brønsted acid site is the primary active site; while at high temperature, another strong Lewis acid site

(L2) can also promote the reaction.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

NOx is the major source of air pollution, for it has the ability to
generate secondary contaminants through its interactions with
other primary pollutants [1]. In recent years, many methods have
been used to reduce the emission of nitrogen oxide [2–11]. Among
them, selective catalytic reduction (SCR) using transition metal
oxides (supported/unsupported) catalysts with ammonia as the
reducing agent is widely used for deNOx in stationary pollution
sources due to its high efficiency and has been investigated by
many researchers [8–13]. The chemical and mechanistic aspects of
NO reduction with ammonia (‘‘NO + NH3 + O2’’ reaction) have been
reviewed extensively and the surface acidity is considered to be
tightly related with the reaction activity [12,13]. However,
whether Brønsted or Lewis acid sites are active sites for this
reaction is still controversial. Furthermore, almost all of these
investigations are concerned with vanadia based catalysts.
Comparatively, fewer reports can be found about the molybdena
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based catalysts [14–19]. Thus, it is meaningful to design a series of
molybdena based catalysts with different acid sites and to
investigate the correlation between surface acidity and the activity
in the ‘‘NO + NH3 + O2’’ reaction.

As reported elsewhere, the surface acidity (Brønsted and Lewis
acid sites) of Mo-based catalysts can be influenced by dropping
various metal oxides, such as Ni, Co, etc. [20] Simultaneously, CeO2

is an important support and has attracted more attention recently,
due to its outstanding oxygen storage capacity and unique redox
properties. Accordingly, it is promising to combine the advantages
of Mo-based bimetallic oxides and ceria support.

Hence, in the present work, we prepared a series of bimetallic
oxides (Ni–Mo, Cu–Ni and Fe–Mo) supported on ceria support.
The surface states, reduction properties and acidity–basicity
properties of the catalysts have been approached. In our
previous work, we have long dedicated ourselves to the nature
of the reaction. The catalytic activity tests, such as ‘‘CO + O2’’
[21] and ‘‘NO + CO’’ [6,7], have been designed as model reactions
in an ideal condition for better understanding the behaviors of
the catalysts. Thus, here, a programming ideal model reaction
for ‘‘NO + NH3 + O2’’ is applied to the catalysts with different
acidity properties. The relationship between acid sites and
activity has been suggested. In addition, a tentative model for
the formation and the coordination environment of surface
molybdena and MxOy species in MxOy/MoO3/CeO2 has been
proposed.
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Fig. 1. XRD patterns of xMo/Ce samples with different MoO3 loadings. (a) 0.2, (b) 0.4,

(c) 0.8, (d) 1.2, (e) 2.0, (f) 2.4 mmol/100 m2 CeO2, (g) uncalcined 0.2Mo/Ce, (h) pure

CeO2 and (i) pure MoO3.

J. Zhu et al. / Applied Catalysis B: Environmental 95 (2010) 144–152 145
2. Experimental

2.1. Sample preparation

MoO3 was pretreated at 450 8C in flowing air for 5 h before use.
CeO2 support, with a BET surface area of 59.6 m2/g, was prepared
by calcining Ce(NO3)3�6H2O at 550 8C in flowing air for 5 h.

The MoO3/CeO2 samples were prepared by heating the
mechanical mixtures with the required amounts of MoO3 and
CeO2 at 450 8C in flowing air for 24 h. The samples were denoted as
xMo/Ce, e.g., 0.8Mo/Ce represents a sample with MoO3 loading of
0.8 mmol/100 m2 CeO2.

The MxOy/CeO2 (M = Ni, Cu, Fe) samples were prepared by
impregnating CeO2 supports with an aqueous solution containing
required amounts of Ni(NO3)2, Cu(NO3)2 or Fe(NO3)3. The samples
were dried at 100 8C for 12 h and then calcined at 450 8C in flowing
air for 5 h. The loadings of Mn+(M = Ni, Cu, Fe) for all the samples
were 0.3 mmol/100 m2 CeO2 and the samples were denoted as Ni/
Ce, Cu/Ce and Fe/Ce, respectively.

The preparation method of MxOy/MoO3/CeO2 (M = Ni, Cu, Fe)
was the same as M/Ce samples except the supports were 0.8Mo/Ce
instead of CeO2. The loadings of Mn+ (M = Ni, Cu, Fe) for all the
samples were 0.3 mmol/100 m2 CeO2 and the samples were
denoted as Ni/Mo/Ce, Cu/Mo/Ce and Fe/Mo/Ce, respectively.

2.2. Characterization

X-ray diffraction (XRD) patterns were obtained with a Philips
X’pert Pro diffractometer using Ni filtered Cu Ka 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
adsorption 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 was applied.

Temperature-programmed reduction (TPR) was carried out in
a quartz U-tube reactor, and 100 mg sample was used for each
measurement. Before reduction, the sample was pretreated in
N2 stream at 100 8C for 1 h and then cooled to room
temperature. After that, a H2–Ar mixture (7% H2 by volume)
with a flow rate of 40 mL min�1 was switched on and the
temperature was increased linearly at a rate of 10 8C min�1. A
thermal conductivity cell was used to detect the consumption of
H2 on stream.

In situ Fourier-transform infrared spectroscopy (in situ FT-IR) of
ammonia 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 Corpora-
tion, USA). The wafer was pretreated by N2 (99.999%) at 400 8C for
1 h. After cooling to ambient temperature, a stream of NH3

(99.999%) with a flow rate of 5 mL min�1 was introduced 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 8C under N2

atmosphere at a rate of 10 8C 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
micro-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, 50 mg catalyst was used for each measure-
ment. The catalysts were tested at 200, 250, 300 and 350 8C,
respectively, and the tail gas was analyzed by Saltzman method.
3. Results and discussion

3.1. XRD

Fig. 1 shows the XRD patterns of a series of Mo/Ce samples with
different MoO3 loadings. The XRD patterns of uncalcined 0.2Mo/Ce,
pure CeO2 and pure MoO3 are also presented for comparison. For
uncalcined 0.2Mo/Ce sample, the characteristic peaks of MoO3

crystalline (typically at 2u = 12.88, 23.48, 25.88, 27.48 and 39.08) can
be observed in spite of low MoO3 amount. After calcination, for
those samples with low MoO3 loadings (�0.8 mmol/100 m2 CeO2),
i.e., Fig. 1a–c with 0.2, 0.4 and 0.8 mmol/100 m2 CeO2, respectively,
no characteristic peaks of crystalline MoO3 have been observed,
which suggests that MoO3 species have been highly dispersed on
the surface of CeO2. However, characteristic peaks of crystalline
MoO3 have been found in high MoO3 loading samples, as shown in
Fig. 1d–f, and the intensities of the peaks increase with the increase
of the MoO3 loading, indicating some crystalline MoO3 remain in
these samples due to the high MoO3 loading. As reported
previously [22], the dispersion capacity of MoO3 on the surface
of CeO2 is 0.8 mmol/100 m2 and then the accompanying oxygen
anions of Mo6+ form a close-packed monolayer of oxygen anions on
the surface. Therefore, in our work, when the MoO3 loading
amount is 0.8 mmol/100 m2, we can similarly consider the MoO3

form monolayer on the surface of CeO2 support.
Fig. 2 shows the XRD patterns of 0.8Mo/Ce and M/Mo/Ce

(M = Ni, Cu, Fe) series samples. No any characteristic peaks of
crystalline MoO3 and metal oxides can be observed, indicating that
the MoO3 and MxOy exist as highly dispersed species for all the
samples.

3.2. TPR

Shown in Fig. 3 are the TPR profiles of M/Mo/Ce series samples.
It is clearly seen that the reduction temperatures of MxOy in M/Mo/
Ce samples are much higher than corresponding M/Ce samples. For



Fig. 2. XRD patterns of MxOy/MoO3/CeO2 samples with different MxOy loadings

(M = Ni, Cu, Fe). (a) 0.8Mo/Ce, (b) Ni/Mo/Ce, (c) Cu/Mo/Ce and (d) Fe/Mo/Ce.
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Ni/Ce sample (Fig. 3a), three hydrogen consumption peaks are
observed. The peaks at about 226 and 268 8C can be ascribed to the
reduction of adsorbed oxygen on the surface of ceria [23]. As
reported in the literature [23], some Ni2+ ions can incorporate into
the lattice of ceria and form solid solution. Therefore, the mismatch
in ion size and charge amount of Ni2+ and Ce4+ leads to the lattice
Fig. 3. TPR profiles of MxOy/CeO2 and MxOy/MoO3/CeO2 samples. (a) Ni/Ce, (b) Ni/

Mo/Ce, (c) Cu/Ce, (d) Cu/Mo/Ce, (e) Fe/Ce, (f) Fe/Mo/Ce and (g) 0.8Mo/Ce.
distortion and charge unbalance in ceria lattice. Thus, oxygen
vacancies form and the Ni2+-incorporated ceria are easily to adsorb
oxygen atoms. As Ni2+ ions incorporated into solid solution are
difficult to reduce, no reduction peaks corresponding to incorpo-
rated Ni2+ could be observed in experimental temperature range.
The peak at about 300 8C is very weak, which could be ascribed to
the reduction of dispersed NiO on the surface of ceria (Ni2+! Ni0).
While for Ni/Mo/Ce sample (Fig. 3b), the peak of Ni2+! Ni0 shifts
to higher temperature (364 8C) and no reduction peaks corre-
sponding to adsorbed oxygen can be observed, indicating the
interaction between NiO and CeO2 is blocked by MoO3 monolayer.
Therefore, Ni2+ cannot incorporate into the ceria lattice.

For Cu/Ce sample (Fig. 3c), the peaks at about 187 8C, with a
shoulder at about 176 8C, are attributed to the stepwise reduction
of surface dispersed CuO species, i.e., Cu2+! Cu+ and Cu+! Cu0,
respectively [24]. Moreover, only one reduction peak (�254 8C) is
found in the TPR profile of Cu/Mo/Ce sample (Fig. 3d), and the
reduction temperature is 67 8C higher than Cu/Ce sample.
Mohamed [25] investigated silica supported copper–molybdenum
catalysts. The results suggest that introducing of copper ions
induces the formation of CuMoO4 species. As no peaks attributed to
any CuMo compounds could be observed in XRD patterns in our
samples, it seems more reasonable to assume that for Cu/Mo/Ce
catalysts, the CuO dispersed on the top of MoO3 monolayer and the
interaction of CuO and CeO2 is blocked, leading to the elevation of
reduction temperature of copper species compared with Cu/Ce
sample. It also should be noted that a weak reduction peak appears
at �382 8C. Wang and Weng [26] studied the CuMoAl system and
found that compared with MoAl sample, the reduction tempera-
ture of Mo6+!Mo4+ shifts from 474 to 414 8C, indicating the CuO
species promote the reduction of molybdena species. From the
present study, it can be seen from the TPR curve of 0.8Mo/Ce
sample (Fig. 3g) that a reduction peak at about 527 8C appears,
which should be attributed to the reduction of Mo6+!Mo4+. Thus,
the peak at 382 8C might be attributed to the reduction of
Mo6+!Mo4+ on the surface of ceria promoted by CuO species.

For Fe/Ce and Fe/Mo/Ce samples (Fig. 3e and f), the Fe/Mo/Ce is
more difficult to be reduced than Fe/Ce. The two peaks of Fe/Ce
sample, centered at 287 and 356 8C, should be attributed to the
Fe2O3 to Fe3O4 and Fe3O4 to FeO, respectively [27,28], while the
reduction peak of Fe species in Fe/Mo/Ce sample is centered at
�519 8C.

Thus, from the TPR results, it can be considered that the Mo
monolayer inhibits the reduction of metal oxides significantly for
all the samples, indicating that the MxOy dispersed on the top of the
MoO3 monolayer, which may affect the coordination environment
of metal ions greatly. Taking CuO as an example, as shown in
Fig. 4a, the density of vacant sites available on the surface of ceria is
about 1.22 mmol/100 m2. As CuO disperses on ceria, the Cu2+

incorporates into the surface cubic vacant sites to form a
comparatively unstable penta-coordinated structure, which is
easy to be attacked by reductive molecules, such as H2. When the
ceria is modified by the monolayer dispersed MoO3 species
(0.8 mmol/100 m2, Fig. 4b), about 2/3 surface vacant sites of ceria
are occupied by Mo6+ and the capping oxygen ions of MoO3 form a
close-packed monolayer. For Cu/Mo/Ce sample, the Cu2+ ions of the
dispersed copper oxide will incorporate into the tetrahedral vacant
sites of the close-packed monolayer oxygen of MoO3 to form a
stable tetrahedral coordinated structure, which is difficult to be
reduced. Meanwhile, as ceria has oxygen storage capacity, it has
obvious promotion effects on Cu2+ reduction in Cu/Ce sample,
while the interaction between CuO and CeO2 is blocked in Cu/Mo/
Ce sample, also leading to the higher reduction temperature. For
Ni/Mo/Ce sample, similar explanations are applicable. Neverthe-
less, for Fe/Mo/Ce sample, as each Fe3+ needs 3/2 capping oxygen
ions to reach charge balance, the coordination environment of Fe3+



Fig. 4. Tentative model of surface Cu and molybdena species: (a) penta-coordinated Cu2+ species incorporated into the surface cubic vacant sites of ceria and (b) tetrahedrally

coordinated Cu2+ species incorporated into the surface tetrahedral vacant sites of dispersed MoO3.

Fig. 5. Raman spectra of MxOy/MoO3/CeO2 samples. (a) 0.8Mo/Ce, (b) Ni/Mo/Ce, (c)

Cu/Mo/Ce and (d) Fe/Mo/Ce.
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might be unstable. In this situation, the MoO3 monolayer blockage
between Fe3+ and CeO2 might be the dominative reason for higher
reduction temperature.

3.3. LRS

The LRS spectra results of M/Mo/Ce samples ranging from 600
to 1100 cm�1 are presented in Fig. 5. As can be seen, no
characteristic bands of crystalline MoO3 (665, 818 and
995 cm�1) can be observed for all the samples, indicating that
the MoO3 has been well dispersed on the surface of CeO2. The
result is consistent with XRD analysis. For 0.8Mo/Ce sample
(Fig. 5a), two bands at about 805 and 965 cm�1 are detected,
which are attributed to the stretching vibration of Mo–O–X
(X = Mo or Ce) [29] and terminal Mo55O [30,31] of the surface
molybdena species, respectively. After addition of MxOy

(0.3 mmol/100 m2), the frequencies of Mo–O–X keep almost
unchanged (�800 cm�1), while the frequencies of Mo55O bonds
change differently, as shown in Fig. 5b–d. The peaks at about
956 cm�1 could be observed for all three samples, which are
almost the same wave number compared with 0.8Mo/Ce sample.
However, for Ni/Mo/Ce and Cu/Mo/Ce samples, another peak at
about 872 cm�1 (Ni/Mo/Ce) and 904 cm�1 (Cu/Mo/Ce) attributed
to the stretching vibration of Mo55O terminals could be observed,
respectively, indicating a new structure of molybdena species
forms on the surface of these two samples.

Many researchers have studied the relationship between the
frequency of Mo55O terminals and the state of molybdena species
dispersed on various supports by Raman spectra. As reported by Ng
and Gulari [32], for MoO3/TiO2 samples, the Raman band at
>955 cm�1 is attributed to the symmetric stretching mode of the
Mo55O terminals in the surface polymeric octahedral molybdena
species, while the Raman band at �955 cm�1 is attributed to the
terminal Mo55O in the surface isolated tetrahedral molybdena
species. Some researchers [33] hold the view that the Raman
frequency at around 950 cm�1 is assigned to the terminal Mo55O
vibration of polymolybdate species in an octahedral environment.
Ekerdt et al. [34] have studied the dispersion behavior of MoO3 on
Al2O3 support. They suggest that at low MoO3 loadings (<2 Mo
atoms/nm2), the isolated MoO4 tetrahedral species dominate. As
the MoO3 content increases, the isolated MoO4 tetrahedral species
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change into polymolybdate octahedral species and the frequency
of terminal Mo55O stretching mode increases with the MoO3

loadings from 921 to 964 cm�1. Along this line, it seems to suggest
that for 0.8Mo/Ce sample, the octahedral polymeric molybdena
species are the major ones.

When NiO is added to 0.8Mo/Ce sample (Fig. 5b), two vibration
peaks of terminal Mo55O bonds are observed at 872 and 956 cm�1.
The peak at 956 cm�1, which is very close to the vibration
frequency of Mo55O terminal in 0.8Mo/Ce sample, could be
attributed to the Mo55O vibration in octahedral polymeric
molybdena species. The peak at about 872 cm�1 is 93 cm�1 lower
than that of 0.8Mo/Ce sample, indicating the involvement of Ni2+

ions leads to the strong distortion of coordination environment of
some Mo atoms in Ni/Mo/Ce sample. As reported elsewhere [35],
the structure of molybdena species is tightly correlated to the
frequency of Mo–O vibration. According to the theoretic calcula-
tion of Hardcastle and Wachs [35], the Raman frequency of Mo–O
bonds in perfect MoO4 tetrahedral structure should be 858 cm�1.
The peak at 872 cm�1 is only 14 cm�1 higher, implying the surface
molybdena species are nearly regular MoO4 tetrahedral structures.
All these results indicate that two kinds of molybdena species exist
on the surface of Ni/Mo/Ce sample, i.e., tetrahedrally and
octahedrally coordinated ones. After addition of CuO (Fig. 5c),
the wave number of terminal Mo55O are observed at �904 and
956 cm�1. Similar with Ni/Mo/Ce sample, the peak at 956 cm�1 in
Cu/Mo/Ce sample could be attributed to the Mo55O vibration in
octahedrally coordinated molybdena species, while the peak at
�904 cm�1 is 46 cm�1 higher than the frequency of Mo–O bonds in
perfect MoO4 tetrahedral structures (858 cm�1), indicating the
structure of these parts of molybdena species might be between
tetrahedrally and octahedrally coordinated ones, i.e. a highly
distorted tetrahedral structure. While for Fe/Mo/Ce sample
(Fig. 5d), there is no obvious change of the frequency of Mo55O
terminals compared with 0.8Mo/Ce sample, implying that the
existence of Fe3+ has very slight effect on the coordinative
environment of Mo6+ ions and the molybdena species keep
octahedrally coordinated structure. Consequently, it seems to
predict that the effects of addition of copper, nickel or ferric oxide
on the surface structure are different and the intensities of the
interaction between the metal oxides and molybdena species
could be listed as: Ni/Mo/Ce > Cu/Mo/Ce > Fe/Mo/Ce.

The quantitative analysis has been tentatively employed for the
samples as shown in Fig. 5, and the similar treatment has been
reported elsewhere [36]. According to the calculation, the peak
area ratio of Mo–O–X/Mo55O terminals is about 2.00 for 0.8Mo/Ce
sample, and the ratios are 0.21, 0.58 and 2.22 for Ni/Mo/Ce, Cu/Mo/
Ce and Fe/Mo/Ce, respectively. The result shows that the
proportion of Mo–O–X decreases sharply after addition of NiO
or CuO, also implying that the NiO (CuO) has strong effects on the
Fig. 6. Schematic drawing of the structures of molybdena species f
structures of molybdena species on the surface of CeO2 and may
lead to the destroy of Mo–O–Mo bonds and the formation of
isolated molybdena species. Moreover, the ratio of Ni/Mo/Ce is less
than Cu/Mo/Ce, also indicating the NiO has stronger interaction
with molybdena species.

Some researchers studied the Raman spectroscopy of M2+O–
MoO3 bimetallic oxides supported on various supports and our
result is also supported by their studies. Prins et al. studied the
NiMo/SiO2 catalysts and found that compared with Mo/SiO2

sample with Mo55O frequency at 973 and 957 cm�1, the NiMo/SiO2

sample has an additional Mo55O vibration at lower frequency
(�905 cm�1) [37]. Liu et al. found that for ZnO/MoZr system, with
the ZnO loading increases, the Mo55O frequency shifted to lower
wave number which is attributed to the formation of isolated
molybdena species [38].

The possible reason may be the difference in the structures of
surface species: As Fig. 4b shows, for Ni/Mo/Ce sample, each Ni2+

has one capping oxygen ion for charge compensation, so the
coordinative oxygen ions of Ni2+ form a nearly normal tetrahedron,
which is a symmetrical stable structure, i.e., the interaction
between Ni2+ and the capping oxygen ions linked with Mo6+ is
fairly strong. The schematic structures of polymeric molybdena
species could be schemed as Fig. 6a [39]. After addition of NiO, the
strong interaction between Ni2+ and molybdena species leads to
the following two effects as Fig. 6b shows:

1. Some of the Mo–O–Mo bonds are destroyed and the polymeri-
zation degree of molybdena species decreases, thus the
structures change from polymeric octahedral ones into isolated
tetrahedral ones.

2. The bond intensities of Mo55O decrease and its Raman frequency
shifts to lower wave number, which makes the MoO4 structures
are nearly regular tetrahedral structure.

For Cu/Mo/Ce sample, as discussed above, the molybdena
species in Cu/Mo/Ce sample are highly distorted tetrahedral
structure, indicating the interaction between Cu2+ and molybdena
species is lower than that of between Ni2+ and molybdena species.
The possible reasons may be as following:

1. Considering that the Ni2+ has smaller ion radius (69 pm) than
Cu2+ (73 pm) [40], thus the electrostatic attraction between Ni2+

and molybdena species is stronger than that of between Cu2+

and molybdena species.
2. The tetrahedral crystal field stabilization energies (CFSE) of Ni2+

(outer electronic configuration: 3d8) and Cu2+ (outer electronic
configuration: 3d9) are �3.55 Dq + 3P and �1.78 Dq + 4P (where
P is the pairing energy), respectively [41], indicating that the
tetrahedrally coordinated Ni2+ is more stable than Cu2+.
or the surface of (a) 0.8Mo/Ce, (b) Ni/Mo/Ce and (c) Cu/Mo/Ce.



J. Zhu et al. / Applied Catalysis B: Environmental 95 (2010) 144–152 149
Thus, the interaction between Cu2+ and molybdena species in Cu/
Mo/Ce is weaker than that of between Ni2+ and molybdena species in
Ni/Mo/Ce. As shown in Fig. 6c, the Mo–O–Mo bonds may not be
destroyed completely in Cu/Mo/Ce sample, so the octahedral
molybdena species could not transform to tetrahedral ones
completely, leading to the formation of highly distorted tetrahedral
molybdena species with weak interactions between MoO4 tetrahe-
dral species, which could be thought as the intermediate configura-
tion between octahedral and tetrahedral structures.

While for Fe/Mo/Ce samples, each Fe3+ needs 3/2 capping oxygen
ions in average for charge compensation. At low Fe3+ loadings, the
coordinative environment of Fe3+ might be a highly distorted
unstable structure, i.e., the interaction between Fe3+ and the capping
oxygen ions of Mo6+ ions is weak. Therefore, the two effects
mentioned above could not work, so the frequency of Mo55O keeps
almost unchanged and the molybdena species retain the octahedral
structures, just as that of 0.8Mo/Ce sample shown in Fig. 6a.

3.4. NH3-adsorbed in situ FT-IR

Ammonia adsorption FT-IR results in N–H bending region
(ranging from 1700 to 1100 cm�1) of 0.8Mo/Ce, Ni/Mo/Ce, Cu/Mo/
Ce and Fe/Mo/Ce at 50 8C are presented in Fig. 7. For 0.8Mo/Ce
(Fig. 7a), a strong peak at 1437 cm�1 ascribed to the asymmetry
deformation vibration of ammonia cation NH4

+ can be detected,
which suggests that ammonia are protonated at the Brønsted acid
sites of the sample [42–46]. The weak peak at 1255 cm�1 is
attributed to the symmetry deformation mode dsymNH3, indicating
the existence of Lewis acid sites (although very few) on the
polymeric molybdena species, i.e., some ammonia molecules
adsorb on coordinatively unsaturated Mo6+ ions [42–46]. The peak
area of ammonia adsorption on Brønsted acid sites is much larger
than that on Lewis acid sites, indicating the Brønsted acid sites are
the main acid sites on the surface of 0.8Mo/Ce sample at low
temperatures.
Fig. 7. Ammonia adsorption FT-IR spectra of MxOy/MoO3/CeO2 samples at 50 8C. (a)

0.8Mo/Ce, (b) Ni/Mo/Ce, (c) Cu/Mo/Ce and (d) Fe/Mo/Ce.
For Ni/Mo/Ce and Cu/Mo/Ce (Fig. 7b and c, respectively)
samples, it can be seen that the peaks of NH3 adsorption on
Brønsted acid sites (�1437 cm�1) and Lewis acid sites
(�1200 cm�1) are both obviously observed, indicating that there
are abundant Brønsted acid sites as well as Lewis acid sites on the
surface of the samples. Especially, it is worth noting that the Lewis
acid sites on the surface of these two samples are different. For Ni/
Mo/Ce sample, two peaks at 1255 and 1202 cm�1 can be observed,
indicating the existence of two different Lewis acid sites. The peak
at 1255 cm�1 can also be observed in 0.8Mo/Ce sample and should
be the same Lewis acid sites with that in 0.8Mo/Ce (marked as L1).
While the peak at 1202 cm�1, only be detected in Ni/Mo/Ce,
should be attributed to NH3 adsorption on a new Lewis acid sites
(marked as L2), implying the formation of new molybdena species
on the surface of Ni/Mo/Ce sample. For Cu/Mo/Ce sample, similar
peaks can be observed, except the wave number of the peak at
1202 cm�1 shifts to 1220 cm�1. As the formation mechanism of
the new Lewis acid sites in Cu/Mo/Ce is similar as that in Ni/Mo/Ce,
we also marked it as L2. According to the discussion above, we
know that with the addition of NiO or CuO, part of the polymeric
molybdena species will transform to isolated regular tetrahedral
or highly distorted tetrahedral molybdena species (Fig. 6),
respectively. 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 tetrahedral molybdena species,
which also indicates that the interaction between Ni2+(Cu2+) and
molybdena species is very strong.

While for Fe/Mo/Ce sample, the profile of ammonia adsorp-
tion FT-IR spectra (Fig. 7d) is almost similar with that of 0.8Mo/
Ce (Fig. 7a), i.e., the Fe/Mo/Ce sample has a large amount of
Brønsted acid sites and very few Lewis acid sites at low
temperatures, indicating that the polymeric molybdena species
are the primary ones on the surface of Fe/Mo/Ce sample. The
result also implies that interaction between Fe3+ and molybdena
species is extremely weak.

For further comparison of the acid sites in the four samples, the
results of NH3-adsorbed in situ FT-IR at different temperatures are
presented in Fig. 8. It can be seen that the desorption temperatures
of NH3 adsorption on Brønsted acid sites of 0.8Mo/Ce (Fig. 8a) and
Fe/Mo/Ce (Fig. 8d) are both at about 250 8C, implying that the
interaction between Fe3+ and molybdena species is very weak.
Namely, the Fe/Mo/Ce sample has similar Brønsted acid intensities
with 0.8Mo/Ce. For Ni/Mo/Ce (Fig. 8b) and Cu/Mo/Ce (Fig. 8c)
samples, the desorption temperatures on Brønsted acid sites are
both at about 200 8C. However, the acid intensities of Lewis acid
sites of Ni/Mo/Ce and Cu/Mo/Ce samples are different. (1) The
ammonia on L1 sites desorbs completely at 150 8C in Cu/Mo/Ce
catalyst, but only partly desorbs in Ni/Mo/Ce catalyst at the same
temperature. (2) The ammonia adsorption on the L2 sites is more
stable than that on L1 sites and the desorption temperature is
higher for Ni/Mo/Ce sample (>400 8C) than that for Cu/Mo/Ce
sample (�350 8C). Overall, the result indicates that the intensity of
Lewis acids in Ni/Mo/Ce is stronger than that in Cu/Mo/Ce sample.
It can be explained by the structures of molybdena species in Ni/
Mo/Ce and Cu/Mo/Ce samples. As the interaction of Ni2+ and
molybdena species is stronger than that of between Cu2+ and
molybdena species, the MoO4 tetrahedra in Ni/Mo/Ce are isolated
regular tetrahedral structures (Fig. 6b), which is easy to
coordinatively adsorb NH3 molecules and the NH3 adsorption on
the Lewis acid sites of Ni/Mo/Ce is very stable. While the
molybdena species in Cu/Mo/Ce sample are highly distorted
tetrahedral structures due to the weak interaction between MoO4

tetrahedral ones (Fig. 6c), which makes it difficult for ammonia to
coordinatively adsorb on the Lewis acid sites. Thus, it can be
concluded that the intensities of Lewis acid sites increase with the
intensities of interaction between metal oxides and molybdena



Fig. 8. In situ ammonia adsorption FT-IR spectra of (a) 0.8Mo/Ce, (b) Ni/Mo/Ce, (c) Cu/Mo/Ce and (d) Fe/Mo/Ce.
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species, i.e., the intensities of surface Lewis acid sites has the
following order: Ni/Mo/Ce > Cu/Mo/Ce > Fe/Mo/Ce.

It is interesting to be noted that a group of weak peaks appear at
1559 cm�1 in FT-IR spectra for 0.8Mo/Ce sample. For Fe/Mo/Ce
sample, similar peaks appear at about 1542 cm�1. According to the
literature [46], the peak should be attributed to the dsymNH3 of the
–NH3

+ group. The results indicate that the adsorbed ammonia
decomposed at the surface and formed NH3

+ radical ions. With the
increase of temperature, the peak intensity of NH4

+ decreases
gradually and the peak intensity of –NH3

+ species increases
simultaneously, indicating the –NH3

+ may form from the
decomposition of NH4

+ adsorbed on the Brønsted acid sites. The
intensity keeps constant when the temperature is higher than
250 8C, which is also the desorption temperature of the ammonia
adsorption on Brønsted acid sites. As the Lewis acid sites on the
sample are extremely weak, it is concluded that the peaks are
attributed to the decomposition products of NH4
+ adsorbed on

Brønsted acid sites.
Ni/Mo/Ce and Cu/Mo/Ce samples consist both Brønsted and

Lewis acid sites on the surface. A group of new peaks at about
1355 cm�1 can be observed at temperature higher than 100 8C and
its intensity increases with the weaken of ammonia desorption on
Lewis acid sites, as can be seen in FT-IR spectra. It is concluded that
the peaks are the decomposition products of NH3 adsorbed on
Lewis acid sites. According to the literatures [45,46], the peak is the
wagging vibration of NH2 species, so we temporarily attribute the
peak to the NH2 species adsorbed on the Lewis acid sites. However,
the peaks attributed to the decomposition of NH4

+ adsorbed on
Brønsted acid sites do not appear in FT-IR spectra. It can be
explained from the competition adsorption of ammonia on
Brønsted and Lewis acid sites. The adsorption/desorption
and decomposition/composition processes are both irreversible



Fig. 9. The NO conversion for different catalysts in ‘‘NO + NH3 + O2’’ reaction.
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processes. As can be seen from the FT-IR spectra, the ammonia
desorption temperature on Brønsted acid sites is about 200 8C,
while no obvious ammonia desorption on L2 Lewis acid sites can be
observed before 250 8C. The L2 sites can re-adsorb the ammonia
molecules desorbed from Brønsted acid sites, thus hinder the
decomposition of ammonia at Brønsted acid sites.

3.5. Activity of NO + NH3 + O2 reaction

Fig. 9 gives the NO conversion of all the samples for the selective
catalytic reduction (SCR) of NO by NH3 as a function of
temperature. It can be seen: (1) at low temperature (200 8C), the
NO conversions of Ni/Mo/Ce and Cu/Mo/Ce are higher than that of
0.8Mo/Ce and Fe/Mo/Ce catalysts; (2) when the temperature
reaches to 300 8C, the activities of 0.8Mo/Ce and Fe/Mo/Ce enhance
significantly compared with 200 8C, while the activity increments
Fig. 10. Schematic drawing of ammonia adsorption and
of Ni/Mo/Ce and Cu/Mo/Ce samples are much less. The NO
conversions of 0.8Mo/Ce and Fe/Mo/Ce are obviously higher than
those of Ni/Mo/Ce and Cu/Mo/Ce; (3) With the further increase of
temperature to �350 8C, the activities of Ni/Mo/Ce and Cu/Mo/Ce
increase obviously to almost the same NO conversion with 0.8Mo/
Ce samples.

Many researchers have studied the mechanism of
‘‘NO + NH3 + O2’’ reaction and all authors agree that ammonia is
strongly adsorbed and activated on the surface acid sites of the
catalysts, later reacting with gas-phase or weakly adsorbed NO.
However, whether Brønsted or Lewis acid sites are active sites for
this reaction is still controversial [12,13,47–55]. Especially, some
computational methods indicated that the reaction occurring on
either Lewis acid or Brønsted acid sites is reasonable and the
corresponding mechanism is suggested [47–49]. However, they do
not use real catalysts and do not point out in which condition the
acid sites can promote the reaction process.

On the bases of the literatures and our present works, the
reaction activities at different temperatures should be related to
the acidity properties of the catalysts. According to the results of
NH3-adsorbed in situ FT-IR, the ammonia adsorption and
decomposition on Brønsted and Lewis acid sites can be schemed
as Fig. 10. Recall the discussion about NH3-adsorbed in situ FT-IR,
at low temperature (�200 8C), the ammonia molecules on L1 sites
of Cu/Mo/Ce and Ni/Mo/Ce catalysts desorb obviously to form NH2

species. At this temperature, the Ni/Mo/Ce and Cu/Mo/Ce have
much higher activities than 0.8Mo/Ce and Fe/Mo/Ce. Thus, the
NH2 species should be the active intermediate for the reaction and
the L1 acid site is the main active site at low temperature. It can be
seen that the peaks of NH2 species of Ni/Mo/Ce sample are very
weak below 200 8C. Thus, the NO conversion of Ni/Mo/Ce catalyst
is lower than that of Cu/Mo/Ce. At middle range of temperature
(�250–300 8C), the ammonia on Brønsted acid sites of 0.8Mo/Ce
and Fe/Mo/Ce catalysts desorbs completely and the peaks of –
NH3

+ species reach to maximum at �250 8C. Accordingly, the
catalytic activities of these two catalysts increase significantly
from 200 to 300 8C, indicating the –NH3

+ species might be the
decomposition on Brønsted and Lewis acid sites.
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active intermediate for ‘‘NO + NH3 + O2’’ reaction and the
Brønsted acid site should be the main active site at middle
temperature. With the further increase of temperature to 350 8C,
the ammonia molecules adsorbed on L2 Lewis acid sites begin to
decompose to form NH2 species. At this temperature, the activities
of Ni/Mo/Ce and Cu/Mo/Ce increase obviously to almost the same
NO conversion with 0.8Mo/Ce sample, indicating the NH2 species
formed on Lewis acid sites should be active sites for
‘‘NO + NH3 + O2’’ reactions at high temperatures. However, the
Fe/Mo/Ce sample has much higher activity than the other three
samples, which might be attributed to the promotion effects of Fe
species on the NO SCR reactions [56].

4. Conclusions

1. For MxOy/MoO3/CeO2 (M = Ni, Cu, Fe) samples, the formation of
monolayer molybdena species on the surface of ceria supports
could effectively influence the properties of MxOy/CeO2 samples.
For example, the reduction of dispersed MxOy species in MxOy/
MoO3/CeO2 is more difficult than that of corresponding MxOy/
CeO2 samples.

2. The additions of NiO, CuO and Fe2O3 have different effects on the
structures of molybdena species, i.e., isolated regular tetrahe-
dral, high distorted tetrahedral and polymeric octahedral
structures, respectively. The different states of the dispersed
molybdena species should result from the different intensities of
interaction between metal oxides and molybdena species,
which could be listed as: Ni/Mo/Ce > Cu/Mo/Ce > Fe/Mo/Ce.

3. For M/Mo/Ce samples, the surface acid intensities of Lewis acid
sites are influenced by the surface structures of molybdena
species, which also exhibit the same order: Ni/Mo/Ce > Cu/Mo/
Ce > Fe/Mo/Ce, i.e., the Ni/Mo/Ce sample has the strongest Lewis
acid intensity and the Fe/Mo/Ce sample has the weakest Lewis
acid intensity.

4. The activity of ‘‘NO + NH3 + O2’’ reaction is tightly related with
acidity properties of the catalysts. For our MxOy/MoO3/CeO2

system, the relationship between acid sites and ‘‘NO + NH3 + O2’’
reactivity is as following: at low temperature, the weak Lewis
acid sites (L1) are the main active sites for ‘‘NO + NH3 + O2’’
reaction; at middle temperature, Brønsted acid sites are the
primary active sites; while at high temperature, the strong Lewis
acid sites (L2) can also promote the reaction.
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[16] I. Nova, L. Lietti, L. Casagrande, L. DallÏAcqua, E. Giamello, P. Forzatti, Appl. Catal. B:

Environ. 17 (1998) 245–258.
[17] M. Del Arco, C. Martı́n, V. Rives, V. Sanchez-Escribano, G. Ramis, G. Busca, V.

Lorenzelli, P. Malet, J. Chem. Soc., Faraday Trans. 89 (1993) 1071–1078.
[18] K.V.R. Chary, T. Bhaskar, G. Kishan, V. Vijayakumar, J. Phys. Chem. B 102 (1998)

3936–3940.
[19] S. Gunther, M. Marsi, A. Kolmakov, M. Kiskinova, M. Noeske, E. Taglauer, G. Mestl,

U.A. Schubert, H. Knozinger, J. Phys. Chem. B 101 (1997) 10004–10011.
[20] Y. Zhao, R. Prins, J. Catal. 229 (2005) 213–226.
[21] H.Q. Wan, Z. Wang, J. Zhu, X.W. Li, B. Liu, F. Gao, L. Dong, Y. Chen, Appl. Catal. B:

Environ. 79 (2008) 254–261.
[22] L. Dong, Y. Chen, J. Chem. Soc., Faraday Trans. 92 (1996) 4589–4593.
[23] Y. Li, B.C. Zhang, X.L. Tang, Y.D. Xu, W.J. Shen, Catal. Commun. 7 (2006) 380–386.
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