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a b s t r a c t

The present work explored the effect of MnOx modification on the activity and adsorption of CuO/
Ce0.67Zr0.33O2 catalyst for NO reduction by CO. XRD, Raman, UV, XPS, H2-TPR, and in situ FT-IR were used
to characterize these catalysts. Results suggested that the incorporation of copper and manganese species
resulted in the lattice expansion and the decease of microstrain of ceria–zirconia, thus inducing the for-
mation of oxygen vacancies. There was a strong interaction between surface copper, manganese, and the
support via charge transfer. The addition of manganese species could promote the reduction of the resul-
tant catalysts and assist copper oxide in changing the valence and the support in supplying oxygen. These
reduction behaviors were dependent on the loading amounts of MnOx and the impregnation procedure.
In addition, the introduction of MnOx cannot change the adsorption type of NO, but readily helped to acti-
vate the adsorbed NO species. As a result, these factors were responsible for the enhancement of activity
and selectivity through MnOx modification.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

A fundamental understanding of the reaction pathway and cat-
alytic characteristics of the NO + CO reaction is of particular inter-
est because of its primary importance in three-way catalysis [1].
Therefore, much effort has been spent on approaching its reaction
details over supported noble metals [2–9], suggesting that NO
reduction by CO is a site-specific reaction, wherein CO is molecu-
larly adsorbed and NO is dissociatively chemisorbed. Thus, a cata-
lyst should be designed in such a fashion that there is a site for CO
adsorption and NO dissociation [1]. In addition to noble metals,
transition metal oxides (such as copper oxide) also attract consid-
erable attention, specifically due to the achievement of the prom-
ising low-temperature activity and selectivity for NO reduction to
N2 [10–17]. As reported by Wen and He [18], the enhanced perfor-
mance of CuCeMgAlO in NO reduction by CO can be explained by
the synergistic effect between copper and cerium ions, which re-
sults in the formation of large numbers of Cu+ ions and oxygen
vacancies in the sample. However, the low-temperature activity
and selectivity are still unsatisfactory under rigorous conditions,
where the encouragement of activity and selectivity is exceedingly
ll rights reserved.
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desired. The introduction of other elements seems to be a potential
way to overcome these disadvantages.

As reported elsewhere, Spassova and co-workers [19–21]
pointed out that Cu–Mn mixed oxide could promote electron
transfer and exchange with the redox equilibrium Cu2+ + Mn3+

M

Cu+ + Mn4+, which was responsible for the enhanced activity of
NO reduction. Moreover, Cu–Mn mixed oxides or MnOx itself
exhibits favorable activity and selectivity for NO reduction by
NH3 or C3H6 at low-temperatures [22–26], as well as for N2O
decomposition and CO oxidation [27,28]. This property is beneficial
because of the various types of labile oxygen available in the crys-
talline lattice of manganese oxide. Furthermore, the addition of
manganese to ceria-based oxide, a functional rare earth oxide with
rich oxygen vacancies and low redox potential between Ce3+ and
Ce4+, not only exhibits outstanding low-temperature activity and
selectivity for SCR of NO by NH3 [29,30], but also enhances the oxy-
gen storage capacity and the adsorption ability of NOx [31–34]. The
promoting effects result from the creation of ionic defects by a
charge compensation mechanism. Along with the proposed nature
of the NO + CO reaction and the advantage of MnOx, manganese
oxide is considered to be able to help change the valence of copper
species (Cu+ for CO adsorption and NO dissociation) and facilitate
the provision of rich oxygen vacancies (free sites for NO adsorption
and dissociation) by ceria, thus being a potential additive for
CuO-based catalysts. On the other hand, ceria–zirconia solid
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solution is regarded as a substitute for pure ceria due to its much
better thermal stability. In this situation, what effects would be
produced on the catalytic properties if combined with each advan-
tage of the mentioned components?

One question that needs to be addressed first is the rather com-
plicated interaction among copper, manganese, and ceria–zirconia.
A careful investigation of the reported metal–support interaction
may be beneficial to gain insight as well as to rationalize the design
of effective catalysts. Especially, the structure and interactions of
coadsorbed CO and NO over the multicomponent catalyst surface
are limited with respect to the NO + CO reaction, which also needs
better understanding.

In the present study, CuO–MnOx/Ce0.67Zr0.32O2 catalysts were
prepared and characterized by XRD, Raman, UV–vis, XPS, H2-TPR,
in situ FT-IR, and NO + CO model reaction. The major objective
was to explore the influence of manganese oxide modification on
the activity and the reduction and adsorption behaviors of the
resultant catalysts.
2. Material and methods

2.1. Catalyst preparation

Ce0.67Zr0.33O2 (hereafter denoted as CZ) solid was synthesized as
previously reported [12]. The surface area of CZ was 121.8 m2/g,
which was determined via nitrogen adsorption at 77 K by the BET
method using a Micromeritics ASAP-2020 adsorption apparatus.
The CuO/CZ, MnOx/CZ, and CuO–MnOx/CZ catalysts were prepared
by incipient-wetness impregnation of the support with an aqueous
solution containing the requisite amount of Cu(NO3)2 and/or
Mn(ac)2. The CuO loading was 0.5 mmol/100 m2 CZ and the MnOx

loadings were 0.08, 0.16, and 0.32 mmol/100 m2 CZ, respectively.
The mixture was vigorously stirred for 3 h and then evaporated at
80 �C. The resulting materials were dried at 110 �C overnight and
calcined at 500 �C in flowing air for 4 h. The catalysts were denoted
as xCu/CZ, yMn/CZ, and xCuyMn/CZ, where the ‘‘x” and ‘‘y” indicate
the loadings of copper oxide and manganese oxide, respectively. In
addition, 0.5Cu/0.08Mn/CZ was prepared by stepwise impregnation
for comparison under the same conditions.
Fig. 1. XRD patterns of (a) CZ support, xCu/CZ, yMn/CZ and (b) xCuyMn/CZ catalysts.
2.2. Catalyst characterization

XRD patterns were recorded on a Philips X’pert Pro diffractom-
eter using Ni-filtered Cu Ka radiation (k = 0.15418 nm). The X-ray
tube was operated at 40 kV and 40 mA. The average grain sizes
(Db) of these samples were determined from line-broadening mea-
surements on the (1 1 1), (2 0 0), and (2 2 0) crystal planes using
the Scherrer equation (Db = Kk/b cos h), and microstrain (e) was cal-
culated from the (1 1 1) plane by the equation e = b/4 tan h.

Raman spectra were collected on a Jobin–Yvon (France–Japan)
T64000 type laser Raman spectroscope using an Ar+ laser beam,
operating at an excitation wavelength of 516 nm and a laser power
of 300 mW.

UV–vis DRS spectra were recorded in the range 200–900 nm by
a UV–vis–NIR 5000 spectrophotometer.

XPS analysis was performed on a Thermo ESCALAB 250 high-
performance electron spectrometer, using Al Ka radiation
(1486.6 eV) at an accelerating power of 150 W. All binding energies
(BE) were referenced to the adventitious C1s at 284.6 eV. This ref-
erence gave BE values with accuracy ± 0.1 eV. Charge effects were
corrected by adjusting the Ce3d3/2 peak (u000) to a position of
917.0 eV.

TPR was carried out in a quartz U-tube reactor connected to a
thermal conduction detector with a H2–Ar mixture (7.3% H2 by vol-
ume) as reductant. Before being switched to the H2–Ar stream, the
sample (50 mg) was pretreated in a N2 stream at 100 �C for 1 h. TPR
started from room temperature and increased to 550 �C at a rate of
10 �C min�1.

In situ FT-IR spectra were collected from 400 to 4000 cm�1 at a
resolution of 4 cm�1 (number of scans �32) on a Nicolet 5700FT-IR
spectrometer. The xCuyMn/CZ catalysts (about 20 mg) were
mounted in a quartz IR cell and pretreated for 1 h at 100 �C in
flowing N2. After cooling to room temperature, the samples were
exposed to a controlled stream of CO–N2 (10% CO by volume)
and/or NO–He (10% of NO by volume) at a rate of 5.0 mL min�1

for 30 min. In situ NO and/or CO adsorption FT-IR spectra were
recorded at various target temperatures by subtraction of the
corresponding background reference.

2.3. Catalytic activity tests

The activities of the catalysts were determined under a
light-off procedure, involving a feed steam with a fixed compo-
sition, NO 5%, CO 10%, and He 85% by volume as diluents. The
catalyst (50 mg) was fixed in a quartz tube and pretreated in a
N2 stream at 100 �C for 1 h. The reaction was carried out at dif-
ferent temperatures with a space velocity of 24,000 mL g�1 h�1.
Gas chromatographs equipped with thermal conduction detec-
tions were used to analyse the products (Column A with Paropak
Q for separating N2O and CO2, and Column B packed with 5A
and 13X molecule sieves (40–60 M) for separating N2, NO,
and CO).



Table 1
Grain size, lattice constant, microstrain, and full width at half maximum (FWHM) of ceria line in Raman spectra of the catalysts.

Samples Grain size (nm) Lattice parameter (Å) Microstrain (%) (1 1 1) Ceria line (cm�1) FWHM (cm�1)

CZ 6.96 5.317 0.57 475 70.1
0.08Mn/CZ 6.92 5.369 0.52 478 74.8
0.32Mn/CZ 7.86 5.352 0.26 478 94.0
0.5Cu/CZ 9.33 5.335 0.13 460 97.3
0.5Cu/0.08Mn/CZ 7.54 5.335 0.52 473 74.1
0.5Cu0.08Mn/CZ 7.02 5.335 0.10 455 97.4
0.5Cu0.16Mn/CZ 7.97 5.369 0.35 453 103.2
0.5Cu0.32Mn/CZ 7.72 5.372 0.45 451 107.3

Fig. 2. (A) Raman spectra of CZ support and xCuyMn/CZ catalysts and (B) UV
spectra of these xCuyMn/CZ catalysts. (a) CZ support, (b) 0.5Cu/CZ, (c) 0.5Cu/
0.08Mn/CZ, (d) 0.5Cu0.08Mn/CZ, (e) 0.5Cu0.16Mn/CZ, (f) 0.5Cu0.32Mn/CZ, (g)
0.08Mn/CZ, and (h) 0.32Mn/CZ.
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3. Results and discussion

3.1. Characterization of catalysts (XRD, Raman, UV–vis)

As shown in Fig. 1a and b, no systematic shift in Bragg positions
could be found on the CZ support after the impregnation of CuO
and/or MnOx, indicating that the CZ support still maintains the ori-
ginal fluorite-type structure [7,8]. The characteristic diffraction
peaks of crystalline CuO and MnOx do not appear on yMn/CZ,
0.5Cu/CZ, or 0.5CuyMn/CZ catalysts, probably due to their disper-
sion on the CZ surface. Table 1 shows that after the introduction
of Mn with very low loading (0.08 mmol/100 m2 CZ), the average
grain size of CZ is similar to that of the pure CZ. In contrast, for
0.32Mn/CZ and all the 0.5CuyMn/CZ catalysts with high loading,
the grain size of the support slightly increases. This might result
from the strong interaction between the loading components and
the CZ support, which can induce growth or aggregation of support
crystallites during the calcination process. Moreover, the addition
of CuO and/or MnOx species results in a slight increase of the CZ
lattice parameter, which depends on the loading of MnOx. The
changes in the lattice parameter can be directly related to the con-
centration of oxygen vacancies and the strong interaction of CuO/
MnOx with the ceria phase [29–32]. As reported elsewhere
[35,36], a simple reduction of two Ce4+ cations to two Ce3+ cations
with one oxygen vacancy formed led to a ceria cell lattice expan-
sion, since Ce3+ was bigger than Ce4+. Another aspect, a small
expansion, was found for the cell volume of Ce1�xCuxO2 only due
to Cu substitution in the ceria lattice and the coexistence of oxygen
vacancies (Ce4+ + O2�? Cu2+ + Ovac). Thus, it is revealed that MnOx

species can interact with ceria following the reaction Ce4+ +
Mn2+

M Ce3+ + Mn3+, and some copper and manganese species
incorporate into the surface/subsurface lattice of the CZ support
to induce oxygen vacancy formation, but not into the ceria bulk lat-
tice to form a new solid solution. In the latter case, the lattice
parameter of ceria–zirconia would decrease, because the radii of
Mn3+ (0.065 nm) and Cu2+ (0.072 nm) ions are smaller than that
of Ce4+ (0.094 nm). Apart from this, the introduction of Mn and
Cu leads to a decrease in the microstrain of the CZ (1 1 1) plane,
indicating that copper and/or manganese atoms are relatively or-
dered in proximity to ceria–zirconia. For the three co-impregnation
samples, however, the strains increase with the content of MnOx,
probably due to the increase of disorder in the mixed oxides. This
also reflects the strong interaction among the three metal oxides.

The XRD results are well complemented by Raman and UV–vis
results. The Raman spectra present in Fig. 2A are dominated by the
main band at about 451–478 cm�1, which corresponds to the triply
degenerate F2g mode of fluorite-type CeO2 [8]. The bands at 294
and 625 cm�1 are ascribed to tetragonal displacement of the
oxygen atoms from their ideal fluorite lattice positions [37,38]. In
comparison with the CZ support, the co-impregnation of copper
and manganese oxides results in a significant shift of the F2g band
to low wavenumber (from 475 to 451 cm�1) and an increase of the
corresponding FWHM value (from 70.1 to 107.3 cm�1) with



Fig. 3. XPS spectra of (a) Mn2p, (b) Cu2p, (c) Ce3d, (d) Zr3d, and (e) O1s for these catalysts.

Table 2
XPS analyses of the surface compositions for these catalysts.

Samples Surface concentration (at.%) Atomic ratio

Mn Cu Ce Zr O Mn + Cu/Ce + Zr O/Mn + Cu + Ce + Zr

0.32Mn/CZ 1.6 – 15.5 5.6 50.4 0.08 (0.06) 2.22 (1.97)
0.5Cu/CZ – 2.9 16.8 6.1 50.3 0.13 (0.09) 1.95 (1.91)
0.5Cu0.08Mn/CZ 1.3 2.2 15.4 5.8 48.6 0.17 (0.11) 1.97 (1.91)
0.5Cu0.32Mn/CZ 2.2 3.0 14.8 5.6 50.0 0.25 (0.16) 1.96 (1.89)
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Fig. 4. (a) TPR profiles of H2 reaction over xMn/CZ and (b) xCuyMn/CZ catalysts as a
function of reaction temperature.
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increased amount of manganese, as summarized in Table 1. As
Ilieva et al. [2] concluded, such an increase in the FWHM value
was attributable to the small crystal size and/or defect formation
in the ceria structure. Considering the XRD results, these observ-
ables in the shift and width of the F2g mode in this case reveal
the influence of phonon confinement, oxygen vacancies, and
inhomogeneous strain (related to the presence of reduced states
of cerium). This is consistent with similar results reported by Wang
et al. [35,36].

Fig. 2B shows the UV–vis spectra of these different catalysts. For
a 0.5Cu/CZ sample (b), the broad band at 600–850 nm could be as-
cribed to the absorption of octahedral Cu2+ ions. Unlike the 0.5Cu/
CZ sample, a broad band at 541 nm is obviously observed from
0.08Mn/CZ and 0.32Mn/CZ (g, h), which is assigned to the 5Eg ?
5T2g spin-allowed transition of Mn3+ [39]. Kijlstra et al. also summa-
rized that the average oxidation state was approximately +3 for
these MnOx/Al2O3 catalysts prepared via an acetate precursor
[40]. On the other hand, the introduction of manganese into the
Cu/CZ system by co-impregnation leads not only to the decrease
in the intensity of the broad band at 600–850 nm, but also to a blue
shift of the band for Mn3+ from 541 to 530 nm. Accordingly, we can
imagine that during the calcination of the initial fresh samples,
partial copper and manganese precursors can strongly interact with
the CZ support, and the residuals react with each other via electron
transfer and exchange, thus predominately promoting the redox
equilibrium of Cu2+ + Mn2+

M Cu+ + Mn3+ shifting to the right.

3.2. Surface oxidation state of catalysts (XPS)

XPS is performed to further study the surface composition and
oxidation state of copper, manganese, and cerium in the represen-
tative catalysts. Concerning the Mn2p spectra (Fig. 3a), it is found
that Mn2+ (640.4 eV) and Mn3+ (641.6 eV) oxide species coexist in
0.32Mn/CZ. Their binding energies are higher than those of MnO
and Mn2O3 [30 and therein], indicating there may be a strong
interaction between manganese and the CZ support. This peak
is very weak in 0.5Cu0.08Mn/CZ due to its low content. For
0.5Cu0.32Mn/CZ, the Mn2p3/2 peak is broad. Remarkably, the inten-
sity of Mn2+ decreases and some Mn4+ species appear at 643.4 eV
[32]. Referring to Cu2p spectra (Fig. 3b), it is seen that copper is
mostly in a +2 oxidation state over 0.5Cu/CZ. After the incorpora-
tion of Mn, the Cu2p3/2 peak is broadened and Cu+ species are
present at 932.2 eV [13,18]. Moreover, the shake-up peaks expected
for Cu2+ gradually decrease in intensity with the increase of Mn
loading. Taken together, these observations are indicative of strong
interaction between copper and manganese via charge transfer, i.e.,
Cu2+ + Mn2+ ? Cu+ + Mn3+ and Cu2+ + Mn3+ ? Cu+ + Mn4+.

On the other hand, the Ce3d spectrum can be resolved into eight
components (Fig. 3c). The cerium on the surface of CexZr1�xO2 is
mainly in a +4 oxidation state. The peaks v0 and u0 are satellites
arising from the Ce3d5/2 and Ce3d3/2 ionization of Ce3+ [2,32]. Fur-
thermore, as compared with 0.32Mn/CZ, the Ce4+ peaks as (vo, v), v0,
v 000, (uo, u), u0, and u000 of 0.5CuyMn/CZ samples shift slightly to high-
er binding energy. The v0 and u0 intensity also increases over
0.5Cu0.08Mn/CZ and 0.5Cu0.32Mn/CZ samples. Moreover, their
Zr3d peaks show more intensity than 0.32Mn/CZ and 0.5Cu/CZ
(Fig. 3d). Therefore, in comparison with a unitary metal oxide on
CZ support, there is a much stronger interaction between binary
metal oxides (CuO–MnOx) and CZ support. The relative percentages
of surface composition and atomic ratios are summarized in Table
2. Data show that the surface Mn + Cu/Ce + Zr atomic ratios of
these catalysts are higher than the nominal ratios (values in paren-
theses), indicating that Cu and Mn species are segregated on the
surface, and incorporation into the bulk lattice does not take place.
Therefore, XPS results directly confirm the above suggestions from
XRD, Raman, and UV.
To investigate the oxygen species on the surface, the O1s spec-
tra are fitted in Fig. 3e. The primary band, denoted as O0 (529.7 eV),
represents the characteristic of lattice oxygen bound to metal cat-
ions, while the additional band O00 (531.5–532.9 eV) is most likely
assigned to adsorbed oxygen and hydroxyl, referred to as chemi-
sorbed oxygen [32,33]. The ratios of oxygen to all the metal cations
(Table 2) of copper-based catalysts are at almost the same level,
and lower than that of 0.32Mn/CZ. However, these values are all
higher than the nominal ratios. The excess oxygen is considered
from the contribution of adsorbed oxygen or water. Interestingly,
the proportion of O0/(O0+O00) of 0.5Cu0.08Mn/CZ (69.2 at.%) and
0.5Cu0.32Mn/CZ (69.1 at.%) is a little higher than that of 0.5Cu/CZ
(67.5 at.%). This result suggests that the addition of Mn to Cu/CZ
favorably supplies the lattice oxygen rather than the chemisorbed
oxygen.

3.3. Effect of MnOx on the reduction properties (H2-TPR, CO-IR)

As shown in Fig. 4a, referring to 0.08Mn/CZ and 0.32Mn/CZ
samples, two reduction peaks, starting from 100 �C and showing
a maximum at lower than 500 �C, were assigned to the overlapping
reduction of manganese oxide species and ceria surface layers
[28,32]. In Fig. 4b, two reduction peaks at 182 (a) and 223 �C (b)
over the 0.5Cu/CZ sample were ascribed to the concurrent



L. Liu et al. / Journal of Colloid and Interface Science 349 (2010) 246–255 251
reduction of copper species in contact with ceria phase and active
oxygen [12,15]. Obviously, for the samples prepared by co-impreg-
nation, the two reduction peaks moved from 182 to 148 and 223 to
185 �C, respectively. Moreover, their H2 consumptions increased
from 1250.6 to 1350.6, 1482.7, and 1514.5 lmol/g with the
increase of Mn content. In contrast, for the 0.5Cu/0.08Mn/CZ sam-
ple prepared by stepwise impregnation, the reduction tempera-
tures were higher than that of 0.5Cu0.08Mn/CZ. The difference in
the shape of TPR profiles indicated that the resultant catalysts were
easier to reduce after Mn incorporation, which was influenced by
the impregnation procedure and the loading of manganese. As
reported elsewhere [7,8], two reduction peaks were registered in
Fig. 5. In situ FT-IR results of CO (10% in volume) interaction with xCuyMn/CZ catalysts: (
350 �C.
the TPR profiles of pure ceria and ceria–zirconia samples prepared
by coprecipitation: the low-temperature peak at about 500 �C was
assigned to ceria surface layer reduction, and the high-temperature
one (800 �C and above) was related to the bulk reduction of ceria.
The enhancement of ceria surface layer reduction was closely re-
lated to the Zr incorporation and the synergistic interaction among
copper, manganese species, and ceria–zirconia, which promoted
surface oxygen diffusion in the defective ceria structure [2]. At
the catalyst interface sites, the above redox equilibrium would be
the source of the synergistic effect of enhanced reducibility of cop-
per and ceria surface oxygen. In the meanwhile, the formation of
Cu metal from the reduction of Cu2+ at low-temperature can lead
a) 0.08Mn/CZ, (b) 0.5Cu/CZ, (c) 0.5Cu0.08Mn/CZ, and (d) 0.5Cu0.32Mn/CZ from 25 to



252 L. Liu et al. / Journal of Colloid and Interface Science 349 (2010) 246–255
to hydrogen spillover from Cu metal to Mn/CZ, which contribute
the promotional effects on the reduction of the manganese species
and support surface oxygen.

CO-IR (temperature-programmed reduction) could well provide
information on the chemical states and reduction properties of
these catalysts. As shown in Fig. 5a, CO2 and surface carbonates
(monodentate 1377 and bidentate 1521 cm�1) were already pro-
duced in the region of 25–350 �C, suggesting that surface-active
oxygen originating from Mn/CZ was more easily extracted by the
incoming CO due to its superior oxygen storage and release capac-
ity [31]. For 0.5Cu/CZ (Fig. 5b), besides the formation of CO2 and
adsorbed carbonates (1378 and 1555 cm�1), an additional band
for CO adsorption on Cu+ sites appeared at 2121 cm�1. Concerning
the 0.5Cu0.08Mn/CZ sample (Fig. 5c), a significant band at
2108 cm�1 for linear Cu+–CO [3] was visible from 25 to 250 �C.
The addition of MnO induced a red shift of this band from 2121
to 2108 cm�1, indicating that the surface properties, such as elec-
tron density and site geometry, were different in 0.5Cu0.08Mn/
CZ from those in 0.5Cu/CZ [41]. This was probably due to the
contribution of electrons from manganese to copper, so that the
enriched electron cloud surrounding Cu+-carbonyl could weaken
Fig. 6. Correlation between the temperatures (25–350 �C) and the intensity of the
bands for copper carbonyl and surface carbonates on these catalysts.
the C@O bond and move to lower wavenumber [4]. In addition
to the intense bands at 1389 and 1515 cm�1 (carbonates chemi-
sorbed on CZ support), a new band at 1069 cm�1 for CO2�

2 species
coordinated with the reduced cerium that appeared from 150 �C. A
similar phenomenon could also be apparently observed from the
0.5Cu0.32Mn/CZ sample (Fig. 5d).

To evaluate the extent of copper reduction by CO and the man-
ganese modification effects, the intensities of copper carbonyl
(�2110 cm�1) and carbonate (�1520 cm�1) were compared as
functions of temperature, as shown in Fig. 6. For the 0.5Cu/CZ sam-
ple, the increase of temperature from 100 to 350 �C resulted in very
slow decrease/disappearance of copper carbonyl, and in continu-
ous increase of the surface carbonates. For 0.5Cu0.08Mn/CZ and
0.5Cu0.32Mn/CZ samples, the intensity of copper carbonyl and a
large amount of carbonates progressively increased in parallel up
to 150 �C. At higher temperatures, the former markedly decreased
and even completely disappeared at 250 �C; the latter gradually
decreased due to decomposition. These behaviors indicated that
heating in CO up to 250 �C progressively reduced Cu2+ to Cu+,
whereas heating at higher temperature caused Cu+ reduction to
copper metal. Consequently, the introduction of MnOx modified
the average oxidation states of the resultant catalysts and played
an important role in assisting the copper species in rapidly chang-
ing the valence and CZ support in supplying oxygen.

3.4. Effect of MnOx on catalytic activity and selectivity

Fig. 7 shows the CO/NO conversions and N2 selectivity results as
functions of temperature. 0.08Mn/CZ exhibits negligible activity
below 350 �C, while 0.5Cu/CZ just converts �35% CO and �50%
NO at 300 �C (Fig. 7a and b). The CO/NO conversions and N2 selectiv-
ity are significantly enhanced after addition of manganese oxide.
Meanwhile, the sample prepared by a co-impregnation method is
more active than the MnOx preloaded sample. Since the preparation
conditions are identical (copper loading, calcination temperature,
etc.), the enhancement must originate from the MnOx modification
effects. Combined with all the above results, nanosize effects should
be considered preferentially due to their potential ability to form
effective defects and active sites. However, there are no good corre-
lations of grain size and strain with activity. Thus, the reasons for
improved activity are associated with the strong interaction among
the copper, manganese, and CZ support. First, the creation of oxygen
vacancies is one of the most important factors explaining this result.
Ilieva et al. [2] found that extrinsic oxygen vacancies of ceria were
assumed as active sites for NO and CO conversion, mainly due to
their effective roles in promoting NO dissociation. As evidenced by
XRD and Raman in this work, the addition of MnOx to CZ and Cu/
CZ facilitates the formation of oxygen vacancies, thus effectively
promoting activity for NO reduction. Evidently, ceria–zirconia acts
not only as the carrier for dispersing the copper and manganese spe-
cies, but also as the active component for NO dissociation. A second
aspect is probably related to the redox couples of these catalysts.
Spassovaand co-workers [19–21] suggested that the enhanced
activity was attributable to the formation of a highly disordered
copper manganese spinel-like phase, precisely due to electronic
transfer between them (Cu2+ + Mn3+

M Cu+ + Mn4+). Amano et al.
[10] found that N2 formation was derived from an attack of NO on
the atomically dispersed Cu+ species over CuO/c-Al2O3 catalyst,
and the unique redox properties (Cu2+/Cu+) in the isolated state
were effective for selective catalytic reduction of NO by CO in the
presence of oxygen. Ihm and co-workers [7] concluded that easily
reducible catalysts (Pt/CeO2 and Pt/CeZrO2) exhibited better
catalytic performances for NO + CO reaction. Along these lines, the
present XPS result indicates electron exchange among copper,
manganese, and CZ support. H2-TPR and CO-IR results further
demonstrate that the introduction of MnOx could enhance the



Fig. 7. Results of (a) CO conversion (%), (b) NO conversion (%), and (c) N2 selectivity (%) over xCuyMn/CZ catalysts as a function of reaction temperature. Feed composition: NO
5%, CO 10%, and He 85%, SV = 24,000 ml g�1 h�1.
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reducibility of copper species and support surface oxygen. The quick
change in valence of copper (Cu2+/Cu+) and cerium (Ce4+/Ce3+) is a
crucial part of the reaction, and is responsible for activity improve-
ment through MnOx modification.

3.5. Effect of MnOx on NO and CO co-interaction with these catalysts
(in situ IR)

The nature and population of the adsorbed NOx/COx species are
identified by in situ FT-IR under simulated reaction conditions,
with the purpose of further probing the effect of MnOx modifica-
tion. Fig. 8 shows representative spectra of the three selected cat-
alysts at various temperatures. Notably, NO preferentially interacts
with these catalysts due to its unpaired electron, as a result of
producing rather complex types of nitrite-/nitrate-like species
chemisorbed on the catalyst surface [41–44]. In the region 1000–
1700 cm�1 (25 �C), the spectra are dominated by bands for bridges,
monodentate nitrates, nitrite anion NO�2 and cis-hyponitrite,
located at 1010–1020/1610–1620, 1460–1470, 1260–1270, and
1345–1350 cm�1, respectively [11,29,30,33,34]. At the higher tem-
perature, new species for chelating nitrite and bidentate nitrate are
generated at 1230–1250 and 1540–1560 cm�1. The cis-hyponi-
trites over 0.5Cu0.08Mn/CZ show the maximum intensity at
225 �C and the asymmetrical vibration of N–O at 1072 cm�1

[37,38] and then dramatically decrease above 225 �C. Simulta-
neously, adsorbed bidentate carbonates [3–6,9] and nitrates



Fig. 8. In situ FT-IR results of NO and CO (10% in volume, respectively) co-interaction with xCuyMn/CZ catalysts from 25 to 300 �C. (a) 25 �C, (b) 100 �C, (c) 150 �C, (d) 200 �C,
(e) 225 �C, (f) 250 �C, and (g) 300 �C). (A) 0.08Mn/CZ, (B) 0.5Cu/CZ, and (C) 0.5Cu0.08Mn/CZ.
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accumulate at 1510–1540 cm�1, which are stable up to 300 �C. One
possible way for cis-hyponitrites to form is via electron transfer
from a reduced Lewis center (Ce3+ or Cu+) to a NO molecule. These
NO� species could dimerize to yield cis-N2O2�

2 , which can easily
decompose to form N2O at low-temperatures [38]. In brief, the
addition of MnOx seems neither to change the type and structure
of adsorbed NO, nor to induce the formation of a new population.

Actually, the thermal stability of these adsorbed NO species was
naturally different on the three catalysts. The species over 0.08Mn/
CZ, positioned at 1017, 1267, 1541, and 1617 cm�1, basically



L. Liu et al. / Journal of Colloid and Interface Science 349 (2010) 246–255 255
vanished at 300 �C (Fig. 8A), and corresponding ones over 0.5Cu/CZ
at 225–250 �C (Fig. 8B), whereas over 0.5Cu0.08Mn/CZ this oc-
curred at 200–225 �C (Fig. 8C). According to the reported view-
point, the interaction of NOx with metal oxides at the molecular
level may depend on the surface acid–base and redox properties
[1,42–44]. These species are much less stable on 0.5Cu0.08Mn/
CZ, which appears to be due to its superior redox activity. Further-
more, in the zone of 2000–2500 cm�1, weak bands for Cu+–CO
(2109 cm�1) and N2O (2200–2244 cm�1) are present at 200 �C,
which could act as evidence for the occurrence of CO with these
activated NO species. These observables account for manganese
species promoting the activation of NO on the catalyst surface
and accelerating the recycling of Cu2+/Cu+(Cu0) pairs, probably
associated with the enhancement of the activity.

4. Conclusions

The present work studied the effects of MnOx on the activity,
reduction, and adsorption of CuO/Ce0.67Zr0.33O2 catalyst, using
XRD, Raman, UV, XPS, H2-TPR, and in situ FT-IR. Results suggested
that the incorporation of copper and manganese species resulted in
lattice expansion and the decrease of microstrain in ceria–zirconia,
thus inducing the formation of oxygen vacancies. There was a
strong interaction between copper, manganese, and the support
via charge transfer. The addition of manganese species can effec-
tively promote the reduction of the resultant catalysts and assist
copper oxide in changing the valence and support in supplying
oxygen. These reduction behaviors depended on the amounts of
MnOx loaded and the impregnation procedure. Moreover, the
introduction of MnOx seemed neither to change the type and struc-
ture of adsorbed NO nor to induce the formation of new popula-
tion, but readily helped to activate the adsorbed NO species. As a
result, these factors can explain the enhancement of activity and
selectivity through MnOx modification.
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