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Introduction

The catalytic removal of nitrogen oxides (NOx) from en-
gines is one of the greatest challenges in the field of envi-
ronmental catalysis on account of the soon-to-be-imple-
mented stricter emission regulations that have been adopted
by most of the developed and developing countries in the
world.[1] An understanding of NO reduction by CO reaction
pathways is of considerable interest because of its commer-

cial importance for elimination of exhaust in automotive
catalytic converters. Recently, much attention has been
given to the study of transition-metal oxide-containing cata-
lysts, which are considered to be a potential candidate for
substituting noble metals.[2–5] Jensen et al. have carefully
studied the interaction of Cu on a-Al2O3 as a model cata-
lyst.[3] In addition, the synergetic interaction between copper
oxide and manganese/iron oxide, which causes a higher ac-
tivity of NO reduction by CO, has been reported.[4,5] Howev-
er, the study of the nature of the synergetic interaction be-
tween the species in the catalyst still lags behind.

Defects such as surface oxygen vacancies (SOVs) are usu-
ally the most reactive sites on the surface of a metal oxide.
The SOVs on RuO2 and CeO2 were first observed at the
atomic level by Over et al.[6] and Esch et al.[7] using scanning
tunneling microscopy (STM). Deshpande et al.[8] reported
the oxide vacancies formed by noble-metal-substituted
ceria–zirconia solid solutions, which enhanced CO conver-
sion in water-gas shift (WGS) reactions. Alberto Rold�n
et al.[9] and Camellone et al.[10] also confirmed that the in-

Abstract: NO reduction by CO was in-
vestigated over CuO/g-Al2O3, Mn2O3/g-
Al2O3, and CuO�Mn2O3/g-Al2O3

model catalysts before and after CO
pretreatment at 300 8C. The CO-pre-
treated CuO�Mn2O3/g-Al2O3 catalyst
exhibited higher catalytic activity than
did the other catalysts. Based on X-ray
diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), UV/Vis dif-
fuse reflectance spectroscopy (DRS),
Raman, and H2-temperature-pro-
grammed reduction (TPR) results, as
well as our previous studies, the possi-
ble interaction model between dis-
persed copper and manganese oxide
species as well as g-Al2O3 surface has
been proposed. In this model, Cu and
Mn ions occupied the octahedral
vacant sites of g-Al2O3, with the cap-
ping oxygen on top of the metal ions to
keep the charge conservation. For the

fresh CuO/g-Al2O3 and Mn2O3/g-Al2O3

catalysts, the -Cu-O-Cu- and -Mn-O-
Mn- species were formed on the sur-
face of g-Al2O3, respectively; but for
the fresh CuO�Mn2O3/g-Al2O3 catalyst,
-Cu-O-Mn- species existed on the sur-
face of g-Al2O3. After CO pretreat-
ment, -Cu-&-Cu- and -Mn-&-Mn- (&
represents surface oxygen vacancy
(SOV)) species would be formed in
CO-pretreated CuO/g-Al2O3 and CO-
pretreated Mn2O3/g-Al2O3 catalysts, re-
spectively; whereas -Cu-&-Mn- species
existed in CO-pretreated CuO�Mn2O3/
g-Al2O3. Herein, a new concept, sur-
face synergetic oxygen vacancy
(SSOV), which describes the oxygen

vacancy formed between the individual
Mn and Cu ions, is proposed for CO-
pretreated CuO-Mn2O3/g-Al2O3 cata-
lyst. In addition, the role of SSOV has
also been approached by NO tempera-
ture-programmed desorption (TPD)
and in situ FTIR experiments. The
FTIR results of competitive adsorption
between NO and CO on all the CO-
pretreated CuO/g-Al2O3, Mn2O3/g-
Al2O3, and CuO�Mn2O3/g-Al2O3 sam-
ples demonstrated that NO molecules
mainly were adsorbed on Mn2+ and
CO mainly on Cu+ sites. The current
study suggests that the properties of
the SSOVs in CO-pretreated CuO�
Mn2O3/g-Al2O3 catalyst were signifi-
cantly different to SOVs formed in
CO-pretreated CuO/g-Al2O3 and
Mn2O3/g-Al2O3 catalysts, and the
SSOVs played an important role in NO
reduction by CO.
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creased catalytic activity of Au nanoparticles supported on
Fe-doped TiO2 and Au/CeO2 toward CO oxidation is attrib-
uted to surface oxygen vacancies created in the support, re-
spectively. Thus, the SOVs are crucial to the nature of reac-
tivity.[8–11] All of these examples greatly enrich our under-
standing of the surface chemistry of metal oxides. In addi-
tion, it is generally accepted that the reduction pretreatment
drastically modifies the reactivity activity due to the forma-
tion of SOVs.[11] However, these studies focused on the
SOVs of unitary oxide or noble metals supported on metal
oxides. The SOVs of the supported catalysts on g-Al2O3 by
the reduction pretreatment were still not deeply investigat-
ed. Therefore, we previously investigated the effects of CO
pretreatment on the catalysts CuO/g-Al2O3 and CuO�CeO2/
g-Al2O3 for CO+O2 reaction.[12] In this work, the SOVs of
CO-pretreated CuO/g-Al2O3, Mn2O3/g-Al2O3, and CuO�
Mn2O3/g-Al2O3 as model catalysts have been studied for NO
reduction by CO. A new concept, surface synergetic oxygen
vacancy (SSOV), for CO-pretreated CuO�Mn2O3/g-Al2O3

catalyst is tentatively proposed. The role of SSOV has also
been approached by NO temperature-programmed desorp-
tion (TPD) and in situ FTIR experiments.

Interesting results were found in the binary CuO�Mn2O3/
g-Al2O3 catalyst by CO pretreatment, that is, a remarkable
enhancement in the activity and selectivity for NO reduction
by CO. Nevertheless, no improvement was found in unitary
CuO/g-Al2O3 and Mn2O3/g-Al2O3 catalysts. What are the
reasons for this unusual result? Herein, we propose that the
enhancement is attributable to the formation of SSOVs.
This new concept of SSOV helps us to gain further insight
into the reaction pathways of NO reduction by CO and the
synergetic mechanism between Cu and Mn ions.

Results and Discussion
Activity results : Figure 1 shows the NO conversion and N2

selectivity of all the catalysts at 300 8C before and after CO
pretreatment. For CuAl catalyst, the conversion of NO is
less than 20 % and N2 is not obtained. After CO pretreat-
ment, the catalytic activity decreases to 5 %. As for MnAl
catalyst, CO pretreatment has no effect on NO conversion,
yet the selectivity for N2 increases to 35 %. Interestingly, a
remarkable enhancement in both activity and selectivity of
CuMnAl catalyst after CO pretreatment can be clearly ob-
served. It is noteworthy that, for different catalysts, CO re-
ductive pretreatment does not always enhance the catalyst
performance.

Characterization results : To gain deeper insight into the dis-
persed state of CuO and MnOx on g-Al2O3 before and after
CO pretreatment, XRD measurements were carried out.
XRD patterns of the fresh CuAl, MnAl, and CuMnAl sam-
ples show sole characteristic peaks of g-Al2O3 in Figure 2a,
which implies that manganese oxide and copper oxide are
highly dispersed on g-Al2O3. The XRD patterns of CO-pre-
treated samples present additional characteristic peaks at

43.3 and 50.48 of metal Cu [JCPDS-04-0836], shown in Fig-
ure 2b. The characteristic peaks of MnOx are not present in
the CO-pretreated MnAl and CuMnAl samples, which sug-
gests that MnOx are still highly dispersed on g-Al2O3.

For the valence of Cu species in the fresh CuAl and
CuMnAl samples, both the Cu 2p spectra (Figure 3a) show
two groups of peaks that correspond to Cu 2p3=2

(933.0 eV)
with a satellite peak (942.5 eV) and Cu 2p1=2

(953.5 eV) with
a satellite peak (963.8 eV), which are the characteristic
peaks of Cu2+ ions.[13] After CO pretreatment, the satellite
peak disappears, which suggests the formation of lower-va-
lence copper species, that is, Cu+ or/and Cu0. The Cu�
L3M45M45 Auger spectra further confirm that the coexistence
of Cu+ and Cu0 species in the CO-pretreated samples in
Figure 4. These fresh samples exhibit the Cu�L3M45M45 line
at a kinetic energy (KE) of around 917.3 eV, which is close
to the value expected for Cu2+ ions. For pure CuO, this
peak has been reported at 917.6 eV.[14, 15] The Cu�L3M45M45

Auger spectra of CO-pretreated CuAl and CuMnAl samples

Figure 1. a) The NO conversion and b) N2 selectivity of the CuAl, MnAl,
and CuMnAl samples before (&) and after (&) CO pretreatment at
300 8C.
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could be resolved into two peaks at around 916.8 and
around 918.8 eV. The former closely corresponds to the
value expected for Cu+ , and the latter for Cu0.[15] Thus we
believe that the CO-pretreated samples contain Cu+ and
Cu0 species without Cu2+ ions. As for the valence of Mn
species in Figure 3b, only Mn3+ species can be observed at
642.2 eV in the fresh MnAl and CuMnAl samples.[16,17] After
CO pretreatment, the values of the full width at half maxi-
mum (FWHM) of the Mn 2p3=2

of all the pretreated samples
are higher than those of the fresh samples, thus indicating
that manganese oxide may exist at more than one oxidation
state in CO-pretreated samples. Furthermore, satellite peaks
at 645.7 eV as well as 641.5 eV that correspond to Mn2+ spe-
cies can be observed, thereby indicating the presence of
Mn3+!Mn2+ during the CO-pretreatment process.[13]

To confirm the coordination environment of Cu and Mn
ions on the g-Al2O3 surface, UV/Vis diffuse reflectance spec-
troscopy (DRS) and Raman analyses were employed for
this study. The UV/Vis spectra are shown in Figure 5. For
the CuAl sample, two absorption bands were observed at
around 270 and 600–800 nm, which can be assigned to the
charge transfer from oxygen to copper (O2�!Cu2+) and d–
d transitions of Cu2+ situated in the octahedral environ-
ment, respectively.[18,19] The results suggest that Cu2+ ions
occupy the octahedral vacancy sites of g-Al2O3 in the CuAl
sample, which is consistent with previous reports.[12a,20–22] For

the MnAl sample, a main absorption band at approximately
270 nm and a wide band with a lower intensity at approxi-
mately 445 nm were observed. Parida et al. observed a simi-
lar band at around 270 nm in Mn�MCM-41 sample, and
they attributed this band to the charge-transfer transition of
O2�!Mn3+ in octahedral coordination.[23] For the CuMnAl
sample, two absorption bands at around 316 and 445 nm and

Figure 2. XRD patterns of a) the fresh CuAl, MnAl, and CuMnAl sam-
ples; b) the CO-pretreated CO�CuAl, CO�MnAl, and CO�CuMnAl
samples (^= Cu). Figure 3. a) Cu 2p and b) Mn 2p spectra of the CuAl, MnAl, and

CuMnAl samples before and after CO pretreatment.

Figure 4. Cu�L3M45M45 spectra of CuAl and CuMnAl samples before and
after CO pretreatment.
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a broad band at 600–800 nm were observed, thus indicating
that the states of Cu2+ and Mn3+ species in the CuMnAl
sample are basically consistent with those in CuAl and
MnAl samples, that is, Cu2+ and Mn3+ ions still occupy octa-
hedral vacancy sites of g-Al2O3 in the CuMnAl sample. No-
ticeably, the absorption band at around 270 nm (observed
over CuAl and MnAl) redshifted to 316 nm, which might be
due to the interaction between Cu2+ and Mn3+ ions. Similar
results were also reported by Chary et al.[24]

The Raman results are shown in Figure 6. For the CuAl
sample, three typical bands of crystalline CuO at 290, 340,
and 628 cm�1 were not observed, which suggests that copper

oxide is dispersed on the g-Al2O3 surface.[25,26] For the MnAl
sample, the Raman spectrum exhibits a broad band at ap-
proximately 644 cm�1, which is due to Mn�O lattice vibra-
tions in Mn2O3.

[17] The Raman spectrum of the CuMnAl
sample is different from that of the MnAl sample, and the
band shifts from 644 to 622 cm�1, thereby indicating that
there is an interaction between Cu2+ and Mn3+ ions. Similar
results were also reported by Nakagomi et al.[27] Combined
with UV/Vis and Raman results, we can conclude that the

interaction of Cu and Mn species on the g-Al2O3 surface
probably occurred through the formation of a Cu�O�Mn
bond.

H2-temperature-programmed reduction (TPR) can pro-
vide supplementary information about the interaction be-
tween copper oxide and manganese oxide. Figure 7 presents
the TPR profiles of the MnAl, CuAl, MnAl+CuAl (me-

chanical mixture of MnAl+CuAl samples, designated as
MM), and CuMnAl samples. For the MnAl sample, no obvi-
ous reduction peak but a broad shoulder could be observed
in the temperature range from 200 to 550 8C, which is due to
the lower reduction degree of the highly dispersed manga-
nese oxide. For the CuAl sample, the reduction peaks at
around 190 and 217 8C are attributed to the copper oxide
species dispersed on the surface octahedral vacancy of g-
Al2O3, which was reported in our previous work.[12a] For the
MM sample, the TPR results exhibit a main peak at around
208 8C with a faint shoulder peak at around 239 8C, which is
similar to the TPR result of CuAl. In addition, a weak re-
duction peak at approximately 409 8C was observed by en-
larging the area Figure 7b, which is attributed to the reduc-
tion of Mn2O3, thereby indicating that the highly dispersed
manganese oxide is still of the lower reduction degree. The
results above suggest that there is no strong interaction be-
tween the dispersed CuO and Mn2O3 species for the me-
chanical mixture of the MM sample. For the CuMnAl
sample, the TPR profile is obviously different from that of
the MM sample. The TPR profile of the CuMnAl sample
exhibits a main peak at approximately 226 8C with two
shoulders at higher temperature at around 265 and 315 8C,
which are denoted as a, b, g in Figure 7a, respectively. Ac-
cording to the above analysis, the a peak is assigned to the
reduction of the highly dispersed CuO domains on the sur-
face of g-Al2O3. The b peak corresponds to the reduction of
the dispersed CuO species that interact with the dispersed
Mn2O3 species on the surface of g-Al2O3, namely, the reduc-

Figure 5. UV/Vis DRS spectra of the fresh CuAl, MnAl, and CuMnAl
samples.

Figure 6. Raman spectra of the fresh CuAl, MnAl, and CuMnAl samples.

Figure 7. a) H2-TPR profiles of the fresh A) MnAl, B) CuAl,
C) MnAl+CuAl mechanical mixtures (MM) and D) CuMnAl. b) En-
largement of part of the H2-TPR profile in the 200–460 8C temperature
range. (The number in the upmost right corner of the chart gives the
peak amplification factor.)
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tion of -Cu-O-Mn- species. In addition, the g peak at higher
temperature is attributed to the reduction of the highly dis-
persed Mn2O3 domains on the surface of g-Al2O3. The dia-
gram can be tentatively shown in Figure 8. Compared with

the reduction profiles of the MnAl, MM, and CuMnAl sam-
ples, the reduction temperature of manganese oxide in
CuMnAl sample evidently shifts to lower temperature. A
possible explanation for this shift might be that the reduced
metal copper catalyzed the reduction of Mn2O3 by hydrogen
spillover, and similar results were reported by Ferrandon
et al.[28] From the results above, we can infer that the reduc-
tion of copper oxide species readily promote the reduction
of manganese oxide species. In addition, the temperature
order of the three reduction peaks is a<b<g, which implies
that the reducibility of these surface species is ranked as:
copper oxide species (-Cu-O-Cu-)> copper oxide species
that connect with manganese oxide species (-Cu-O-Mn-)>
the isolated manganese oxide species (-Mn-O-Mn-). If there
were only -Cu-O-Cu- and -Mn-O-Mn- species and no -Cu-
O-Mn- species in the CuMnAl sample, the TPR profiles of
the CuMnAl sample should be the same as that of the MM
sample. However, the distinct difference between CuMnAl

and MM samples indicates the existence of the surface
copper oxide species that connect with surface manganese
oxide species, and the proposal of the formation of -Cu-O-
Mn- species in the CuMnAl sample is both possible and rea-

sonable.
The results and discussion

above could be tentatively ap-
proached by the diagrams
shown in Figure 8 and Figure 9.
As reported elsewhere, two
kinds of surface vacant sites,
that is, octahedral and tetrahe-
dral sites, are on the preferen-
tially exposed (110) plane of g-
Al2O3.

[29] According to the in-
corporation model proposed by
our group[20] and the above
analysis, we can draw the con-
clusion that Cu and Mn ions
occupy the octahedral vacancies
of g-Al2O3, and then there are
three kinds of the dispersion
forms about Cu and Mn ions on

the surface of g-Al2O3, as shown in Figure 8 and Figure 9.
For CuAl (Figure 9a) and MnAl (Figure 9c) samples, Cu

and Mn ions occupy the octahedral vacancies of g-Al2O3,
then oxygen anion associated with the cation would cover
the top of the occupied site to form surface-capping O2� for
charge compensation. As a result, the -Cu-O-Cu- and -Mn-
O-Mn- species are formed on the surface of g-Al2O3, respec-
tively. After CO pretreatment, the surface capping O2� was
reasonably removed to create the surface oxygen vacancy
that exposes two neighboring Cu+ or Mn2+ ions, -Cu-&-Cu-
or -Mn-&-Mn- (& represents surface oxygen vacancy, SOV)
species would be formed, shown in Figure 10a and c. For the
CuMnAl sample (Figures 8 and 9b), the existence of the dis-
persed copper oxide species and manganese oxide species
can be described as two cases, that is: 1) The separately rich
copper oxide species domains or manganese oxide species
domains exist on the surface of g-Al2O3 (shown in Figure 8 I
and III), which should display the properties of -Cu-O-Cu-

Figure 8. Three possible dispersion forms of CuO and Mn2O3 on the surface of g-Al2O3 over CuO�Mn2O3/g-
Al2O3 catalyst.

Figure 9. A tentative model of the surface structure of CuO and Mn2O3 supported on the surface of g-Al2O3 (C layer): a) CuAl, b) CuMnAl, and
c) MnAl.
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or -Mn-O-Mn- species, just like the behaviors of CuAl or
MnAl catalysts. And after CO pretreatment, -Cu-&-Cu- or
-Mn-&-Mn- species would be formed (as in Figure 10a and
c), which should display the properties of CO�CuAl or
CO�MnAl catalysts. 2) The rich -Cu-O-Mn- species domains
with copper and manganese ions linked with oxygen alter-
nately exist on the surface of g-Al2O3 (as in Figure 8II),
which displays different properties from -Cu-O-Cu- or -Mn-
O-Mn- species domains. Considering the high activity and
selectivity shown in CO�CuMnAl catalyst, it is reasonable
to suggest that the novel properties should result from the
formation of -Cu-&-Mn- (& represents surface synergetic
oxygen vacancy (SSOV), shown in Figure 10b) species from
the -Cu-O-Mn- species reduction by CO. So not only -Cu-O-
Cu- and -Mn-O-Mn- species but also -Cu-O-Mn- species are
formed on the of surface g-Al2O3 in the CuMnAl sample,
which can be also supported by the above UV/Vis DRS,
Raman, and H2-TPR results.

Herein, a new concept of surface synergetic oxygen va-
cancy for CO-pretreated CuMnAl catalyst is tentatively pro-
posed, and the role of SSOV has also been approached by
NO-TPD. The NO dissociation and recombination process
were monitored over the CuMnAl and CO�CuMnAl cata-
lysts by using TPD. The desorption spectra obtained over
the CuMnAl and CO-pretreated CuMnAl catalysts are pre-
sented in Figure 11. The results showed that NO, O2, N2,
N2O, and NO2, were the five species detected that desorbed
from the surface as the temperature of the catalysts was in-
creased.

As shown in Figure 11a, the NO desorption profiles over
the CuMnAl catalyst are composed of three resolved peaks
at 99, 193, and 367 8C. Peaks 99 and 193 8C are originated
from the adsorbed NO species, and the peaks 367 and
370 8C (shown in Figure 11a and b) are due to the produced
NO and O2 from the decomposition of adsorbed NOx (x= 2
or 3) species at elevated temperatures, respectively.[30–32] For
CO�CuMnAl catalyst, the NO desorption profiles are also
composed of three peaks: a principal peak at low tempera-
ture (84 8C) with a shoulder at 150 8C and a weak NO de-

sorption peak at higher temperature (210 8C), as shown in
Figure 11a. It should be noted that the desorption peak tem-
perature of NO over CO�CuMnAl catalyst is obviously
lower than that over the CuMnAl catalyst, which implies
that CO�CuMnAl catalyst has higher NO dissociation activ-
ity than that of CuMnAl catalyst.[33,34] These results might
account for the higher activity of CO�CuMnAl catalyst
compared with the CuMnAl catalyst for NO reduction by
CO, that is, the high catalytic activities could be attributed
to the formed oxygen vacancies on the surface of CO�
CuMnAl catalyst.[11]

As shown in Figure 11c and d, N2 and N2O desorption
peaks can be observed over CuMnAl and CO�CuMnAl cat-
alysts at different temperatures. It was clearly observed that
the N2 (432 8C) and N2O (433 8C) desorption peak intensities
of CO�CuMnAl catalyst are much more intense than those
of CuMnAl catalyst, which suggest that higher N2O and N2

selectivity can be obtained for the CO-pretreated sample.
Similar results for NO-TPD over Pd/Al2O3 catalysts have
been reported by Ciuparu et al.[35] Therefore, the results
above further support the conclusion that the surface
oxygen vacancies favor NO dissociation.

In Figure 11b, the O2 desorption peak intensities of the
CO�CuMnAl catalyst are clearly weaker than that of the
CuMnAl catalyst. It was likely that oxygen atoms (O) from
NO dissociation were consumed by oxidizing the reduced
catalyst (the CO�CuMnAl catalyst)[35] or entering into the
surface oxygen vacancies[36] or recombining with NO to
form NO2. In addition, the NO2 peak intensities of CuMnAl
are more intense than that of CO�CuMnAl, as shown in
Figure 11e, which should result from the reaction O+NO!
NO2. The results also support the proposal that, for CO�
CuMnAl catalyst, atomic oxygen (O) from NO dissociation
was consumed by oxidizing the reduced catalyst or compen-
sating the surface oxygen vacancies, and not recombining
with NO to form NO2. Accordingly, the NO2 peak intensity
for CO�CuMnAl is weak. Therefore, the intensities of O2

and NO2 desorption peaks are not regarded as criteria for
NO dissociation. Consequently, NO-TPD results provide

Figure 10. Diagram of the variation of the surface structure of CuO and Mn2O3 supported on the surface of g-Al2O3 after CO pretreatment (C layer):
a) CO�CuAl, b) CO�CuMnAl, and c) CO�MnAl. (SOV represents surface oxygen vacancy; SSOV represents surface synergetic oxygen vacancy).
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further evidence to support the suggestion that surface syn-
ergetic oxygen vacancies form in CO�CuMnAl catalyst and
favor NO dissociation and increase N2 selectivity.

The FTIR results of CO (Figure 12a) and NO (Fig-
ure 12b) adsorption on the bare CO-pretreated g-alumina
(without loading CuO and Mn2O3), CO�MnAl, and CO�
CuAl samples have been complemented, as shown in
Figure 12. For the CO�Al sample, CO adsorption bands at
2184–2173 and 2163–2153 cm�1 assigned to CO adsorbed on
Al3+ were not observed in Figure 12a,[37] therefore the CO�

Al sample did not provide the adsorption sites for CO mole-
cules under the current experimental conditions. By compar-
ing CO adsorption on CO�MnAl and CO�CuAl samples in
Figure 12a, it can be clearly concluded that CO molecules
are almost anchored to Cu+ sites (2114 and 2101 cm�1)[38]

but not to Mn2+ sites. The bands at 2140 and 2114 cm�1 at
85 K[39] or under 30 torr conditions[40] assigned to CO ad-
sorption on Mn2+ could not be observed for the CO�MnAl
sample under the current experimental conditions. In Fig-
ure 12b, the NO adsorption spectra of CO�MnAl and CO�

Figure 11. NO-TPD profiles of the CuMnAl (c) and CO�CuMnAl (c) catalysts.
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CuAl samples are similar, and bands around 1300, 1508,
1622, 1744, and 1896 cm�1 were observed. For the bands at
1300 and 1508 cm�1, they are ascribed to monodentate ni-
trate on the surface of samples.[41] The bands around
1622 cm�1 are attributed to adsorbed NO,[42] which suggests
that the nitrosyl species are adsorbed onto the surface of the
CO�MnAl and CO�CuAl samples. The weak bands at 1744
and 1896 cm�1 are assigned to NO weakly chemisorbed as a
form of M�(NO)+ (M =Cu and Mn) on the surface.[43,44]

However, these bands disappeared when the adsorption
temperature raised to 100 8C (not shown here). Although
the bands at 1300 (monodentate nitrate), 1622 (nitrosyl spe-
cies), and 1744 cm�1 (NO weakly chemisorbed) were ob-
served on the CO�Al sample in Figure 12b,[42,43] the intensi-
ties of these bands are obviously weaker than those of the
CO�MnAl and CO�CuAl samples. Therefore, it seems rea-
sonable to conclude that the IR bands for the adsorption of
NO molecules are mainly from the contribution of the Cu-
and Mn-ion sites, regardless of the contribution from ad-
sorption Al3+ sites in the CO�CuAl and CO�MnAl sam-
ples. The results above provide sufficient information that g-
alumina primarily plays the role of the carrier for the dis-
persed copper and manganese oxide species but does not
provide the adsorption sites for CO and NO molecules.
From the results above, it can also be concluded that Mn2+

ions mainly adsorb NO molecules and Cu+ ions adsorb both
NO and CO molecules.

To compare the stability of Cu+ carbonyls with the corre-
sponding nitrosyls, the FTIR spectra of competition adsorp-
tion between NO and CO were recorded over CO�CuAl,
CO�MnAl, and CO�CuMnAl samples in Figure 13. The
NO adsorption was maintained for 45 min (curve 1) until
the intensity of the FTIR adsorption band of NO remained
unchanged, which suggested that NO adsorption had
reached saturation state. As described above, the bands
around 1300, 1504 (or 1508), and 1629 cm�1 could also be
observed for the CO�CuAl (Figure 13a) and CO�CuMnAl
(Figure 13c) samples. In addition, NO gas bands at 1843 (or
1845) and 1903 cm�1 were also observed.[45] After NO ad-
sorption saturation, CO was introduced into the IR cell for

30 min (curve 2), and the intro-
duction of CO gave rise to
strong bands related to dicar-
bonyls (vs(CO) and vas(CO)) at
2170 and 2119 cm�1.[46] Simulta-
neously, the intensity of nitrosyl
species clearly decreases over
the CO�CuAl and CO�
CuMnAl catalyst, particularly
the band at 1629 cm�1, which is
attributed to adsorbed NO.[43]

Noticeably, the NO weakly
chemisorbed band at 1747 cm�1

nearly disappears, which implies
that the surface concentration
of the NOx species decreases in
the presence of CO because of

the displacement of NO by CO molecules. For these phe-
nomena, Akolekar et al.[46] proposed a reasonable explana-
tion that the NO is a stronger Lewis base than CO but
shows a weaker trend to p donation. As a result, the Cu+

carbonyls are more stable than the corresponding nitrosyls.
For CO�MnAl catalyst, the NO adsorption bands (in Fig-
ure 13b, curve 1) are similar to those on the CO�CuAl (Fig-
ure 13a, curve 1) and CO�CuMnAl (Figure 13c, curve 1)
samples. However, the dicarbonyls at 2170 and 2119 cm�1

were not observed after the introduction of CO gas. Further-
more, the intensity of the 1629 cm�1 band does not decrease,
and only the NO gas bands at 1845 and 1903 cm�1 disappear.
The FTIR results of competition adsorption between NO
and CO over CO�MnAl suggest that CO was not adsorbed
onto CO�MnAl catalyst under the current experimental
conditions, which is in agreement with the CO adsorption
result in Figure 12a.

To better determine the surface reaction mechanism of
NO reduction by CO, in situ FTIR spectra of CO and NO
co-adsorption over CO�CuMnAl catalyst, shown in Fig-
ure 14a, were recorded under the simulated reaction condi-
tions; the IR spectrum at 2300–2000 cm�1 is magnified in
Figure 14b. When the reaction temperature reached 100 8C,
the unresolved band at 2132 cm�1 was observed in Fig-
ure 14a, which is assigned to Cu+�CO.[38,45] Meanwhile, the
bands around 1300, 1508 (monodentate nitrate),[41] and
1615 cm�1 (nitrosyl species)[42] were also observed; indeed,
NO molecules are mainly adsorbed onto Mn2+ ions, which
was confirmed by the previous competition adsorption ex-
periments. With an increase in the reaction temperature, the
band at 2132 cm�1 slightly shifts to 2124 cm�1(Figure 14b),
and the intensity of CO adsorption band clearly increases;
accordingly, the intensity of CO2 adsorption band at
2359 cm�1 increases. However, the intensity of the NO ad-
sorption band at 1615 cm�1 decreases. When the tempera-
ture was raised to 200 8C, the monodentate nitrate and nitro-
syl species disappeared, which suggests that monodentate ni-
trate completely dissociated and NO dissociated into N and
O atoms. Simultaneously, new bands at 1380 and 1550 cm�1

appeared, which are attributed to monodentate carbonate.[47]

Figure 12. The FTIR spectra of a) CO and b) NO adsorbed onto CO-pretreated g-Al2O3 (CO�Al), CO�CuAl,
and CO�MnAl samples at 25 8C.

Chem. Eur. J. 2011, 17, 5668 – 5679 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 5675

FULL PAPERSurface Synergetic Oxygen Vacancy

www.chemeurj.org


It is a reasonable explanation that CO recombines O atoms
from NO dissociation and then CO2 species form; accord-
ingly, some of the CO2 species become monodentate carbo-
nates and are adsorbed onto the surface of the samples
during the progress of the reaction. In addition, the shoulder
band at 2144 cm�1 (Figure 14b) is related to a surface inter-
mediate species produced by the reaction of adsorbed CO

with oxygen atoms generated from neighboring NO dissoci-
ation.[48] A weak band at 2214 cm�1 (Figure 14b) assigned to
isocyanate species (NCO) coordinated to Mn2+ sites was ob-
served, which is similar to the report by Zecchina et al.[49]

Furthermore, a band at 2241 cm�1 (Figure 14b), which corre-
sponds to N2O species, was also observed.[45]

Proposed reaction mechanism : To describe fundamental as-
pects of the structure–activity relationship for NO reduction
by CO over CO�CuAl, CO�MnAl, and CO�CuMnAl cata-
lyst, we exhibit the surface structures of the dispersed
copper and manganese oxides based on our previous stud-
ies[12a,20–22] and the results above. As discussed elsewhere, for
the CO�CuAl sample, two neighboring Cu+ ions will be ex-
posed due to a surface oxygen vacancy (Figure 10a). The
NO dissociation process (a key step in the reduction of NO
by CO) requires a vacant nearest-neighbor site,[50] but the
low coverage of NO would result in NO dissociation ceas-
ing, which was also reported by Campbell et al.[51] Exposed
Cu+ ions are apt to adsorb CO rather than NO molecules,
which is supported by competition adsorption experiments.
Therefore the low coverage of NO on the CO�CuAl cata-
lyst might result in NO dissociation ceasing and accordingly
the CO�CuAl catalyst exhibiting lower activity than the
fresh one. In a similar experiment over the CO�MnAl
sample, exposed Mn2+ ions generated by the removal of sur-
face-capping oxygen mainly adsorb NO molecules, as con-
firmed by the FTIR spectroscopy results. For the CO�MnAl
catalyst, the SOV (Figure 10c) could induce NO dissociation
and then the dissociated N atom would recombine N2

(N*+N*!N2+2*, * denotes a Mn2+ site). It seems reasona-
ble to suggest that the process associated with the dissocia-
tion and recombination of NO to N2 causes an increase in
N2 selectivity. For the CO�CuMnAl sample, the SSOV (Fig-
ure 10b) associating with an exposed Cu+ and a neighboring
Mn2+ ion as a active site would be formed, which provides a
vacant nearest-neighbor site for NO dissociation. To further

Figure 13. The FTIR spectra of competition adsorption between NO and
CO on a) CO�CuAl, b) CO�MnAl, and c) CO�CuMnAl samples at
25 8C. NO adsorption for 45 min (curve 1) and evolution after subsequent
admission of CO for 30 min (curve 2).

Figure 14. a) In situ FTIR spectra of NO�CO co-adsorbed onto the CO�
CuMnAl sample. b) Enlargement of a portion of the evolution of FTIR
spectra at 2300–2000 cm�1. (The number in the bottom right corner of
the chart gives the peak amplification factor.)
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determine the role of SSOV in the reaction process, a de-
tailed reaction mechanism is proposed in Scheme 1 based on
all of the above results. A proposed reaction mechanism
could be described as follows. A surface synergetic oxygen
vacancy (SSOV) is generated by the removal of O2� from
the surface-capping O2� when the fresh CuMnAl catalyst is
reduced by CO (step 1). The FTIR results suggest that NO
mainly adsorbed onto Mn2+ sites and CO mainly onto Cu+

sites. Firstly, an NO dissociation site is provided by SSOV,
which means an NO molecule is dissociated into N and O
atoms, then O combines with neighboring adsorbed CO co-
ordinated to Cu+ (2144 cm�1; step 2) and further evolves
into CO2 (step 3). Electron-deficient N combines with gas-
eous CO and produces NCO species (2214 cm�1; step 4),
which can react with the nearest NO molecule on Mn2+ ,
and then form N2O and CO (step 5). N2O is immediately ad-
sorbed onto Mn2+ (2241 cm�1; step 6) and further reduced
by neighboring CO adsorbed onto Cu+ , thereby evolving
into CO2 and N2 (step 7),[52] and thus regenerating the free
active site (SSOV) to allow the catalytic process to continue.
According to the above discussions, the exposed Cu+ and
Mn2+ ions synergistically act as CO and NO adsorption
sites, respectively, and the SSOV plays a critical role as a
bridge (between step 2 and 3) in enhancing the contact of
the adjacent adsorbed CO and NO species to complete the
surface reaction. Therefore, the SSOV causes high catalytic
performance of CO�CuMnAl catalyst for the reduction of
NO with CO.

Conclusion

According to the novel catalytic activity and selectivity
shown by CO�CuMnAl catalyst for NO reduction by CO, a

new concept called surface synergetic oxygen vacancy
(SSOV) has been proposed to explain and discuss the differ-
ent properties among CuAl, MnAl, CuMnAl, CO�CuAl,
CO�MnAl, and CO�CuMnAl model catalysts. The role of
SSOV in the reaction process was approached on the basis
of the NO-TPD and in situ FTIR results, as well as the con-
sideration of the surface structure of the dispersed copper
and manganese oxide species on the surface of g-Al2O3,
which indicate that the individual Mn and Cu ions are
bonded together by a bridging oxygen, and the catalytic
active sites capable of selectively dissociating NO are from
the formed SSOVs on the surface of CO-pretreated
CuMnAl catalyst. The concept of SSOV has the potential to
be widely applied in various heterogeneous supported
binary oxide catalysts. In fact, to date, similar phenomena
observed for CuO�CoOx/g-Al2O3, CuO�FeOx/g-Al2O3, and
CuO�MnOx/TiO2 bimetal oxides could be explained by the
agency of SSOV in our laboratory.

Experimental Section

Catalyst preparation : A kind of commercial g-Al2O3 powder from
Fushun Petrochemical Institute in China was used as carrier to prepare
manganese and copper oxide catalysts in this study. Before the introduc-
tion of MnOx and CuO, this support was precalcined in air at 750 8C for
5 h and its Brunauer–Emmett–Teller (BET) surface area was
162.0 m2 g�1. Mn2O3/g-Al2O3 and CuO/g-Al2O3 samples were prepared by
impregnating g-Al2O3 with aqueous solutions that contained a requisite
amount of Mn ACHTUNGTRENNUNG(CH3COO)2·4H2O and Cu ACHTUNGTRENNUNG(NO3)2·3H2O, respectively, fol-
lowed by drying in air at 100 8C overnight and calcination in air at 500 8C
for 5 h. The loadings of manganese and copper oxides were Mn3+

(3 mmol)/g-Al2O3 (100 m2) and Cu2+ (6 mmol)/g-Al2O3 (100 m2), respec-
tively. The CuO�Mn2O3/g-Al2O3 sample was prepared by impregnating
the Mn2O3/g-Al2O3 sample with an aqueous solution containing the fixed
amount of CuACHTUNGTRENNUNG(NO3)2·3 H2O, followed by drying in air at 100 8C overnight
and calcined in air at 500 8C for 5 h. For the CuO�Mn2O3/g-Al2O3

sample, the loadings of manganese and copper oxides were Cu2+

(6 mmol)/g-Al2O3 (100 m2) and Mn3+ (3 mmol)/ g-Al2O3 (100 m2), respec-
tively. For the sake of clarity, the fresh catalysts were denoted as CuAl,
MnAl, and CuMnAl, and the CO-pretreated catalysts as CO�CuAl,
CO�MnAl, and CO�CuMnAl.

Catalyst CO-pretreatment process : The CO pretreatment of the samples
was conducted in a quartz tube. Before switch to CO, all the samples
were pretreated in a flowing N2 stream at 100 8C for 1 h, and heated to
325 8C with a ramp of 10 8C min�1 in the flowing N2 stream. After that,
the samples were exposed to CO�He mixtures (10 % CO by volume) at
a rate of 8.4 mL min�1 held for 1 h. The CO-pretreated samples were
cooled to room temperature in the flowing N2.

Catalytic performance tests : The tests of the activity of the catalysts
(about 25 mg) for the reduction of NO by CO were performed in a flow
microreactor with a mixture of NO (5 %) and CO (10 %) balanced by He
(85 %), which corresponded to a gas hourly space velocity of 24 000 h�1.
The catalysts were pretreated in a flowing N2 stream at 100 8C for 1 h and
then cooled to room temperature. After that, the mixed gases were
switched on. The activity measurements were carried out at 300 8C. Two
volumes and thermal conduction detectors (T=100 8C) were used for the
purpose of analyzing the production. Volume A was packed with Porapak
Q for separating N2O and CO2, and volume B packed with 5A and 13X
molecular sieves (40–60 mesh) for separating N2, NO, and CO.

Catalyst characterization : The BET surface area was measured by nitro-
gen adsorption at 77 K using a Micromeritics ASAP-2020 adsorption ap-
paratus. X-ray diffraction (XRD) patterns were recorded using a Philips
X’Pert Pro diffractometer equipped with Ni-filtered CuKa radiation (l=

Scheme 1. Proposed reaction mechanism for NO reduction by CO over
CO�CuMnAl catalyst.
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0.15418 nm). The X-ray tube was operated at 40 kV and 40 mA. X-ray
photoelectron spectroscopy (XPS) experiments were performed using a
PHI Quantera XPS (ULVAC-PHI, Inc) at a pass energy of 50 eV (0.1 eV
per step). A monochromatic X-ray source of AlKa was used as an excita-
tion source, and the spectra were calibrated with respect to the C 1s peak
that resulted from the adventitious hydrocarbon at an energy of 284.6 eV.
UV/Vis diffuse reflectance spectra were recorded in the range of 200–
900 nm using a UV/Vis–NIR 5000 spectrophotometer. Laser Raman
spectroscopy (LRS) spectra were collected using a Jobin–Yvon (France-
Japan) T64000 type Laser Raman spectrometer with an Ar+ laser beam.
The Raman spectra were recorded with an excitation wavelength of
514 nm and a laser power of 300 mW.

H2 temperature-programmed reduction (TPR) experiments were carried
out using a quartz U-tube reactor connected to a thermal conduction de-
tector with an H2–Ar mixture (7.3 % H2 by volume) as reductant. A fixed
portion of sample (50 mg) was used for each measurement. Before
switching to the H2�Ar stream, the sample was pretreated in an N2

stream at 100 8C for 1 h. TPR started from room temperature and rose to
580 8C at a rate of 10 8C min�1. NO temperature-programmed desorption
(TPD) experiments were carried out using a microreactor equipped with
a quadrupole mass spectrometer (Omnistar, Balzers). TPD measure-
ments were carried out with a heating rate of 10 8C min�1 and an He flow
rate of 30 mL min�1. The gases used were the same as the above experi-
ments. Prior to all experiments, the catalysts (50 mg) were calcined in
situ in an He flow at 500 8C for 1 h to ensure that all the carbonate on
the surface dissociated, and then they were cooled to room temperature
(RT) in He. The CO-pretreated sample (CO�CuMnAl) was obtained by
calcination in CO flow (1 h) at 325 8C, evacuated in He flow (1 h), and
then cooled to RT in He. Temperature-programmed desorption was per-
formed by using NO as the adsorbate gas. Adsorption was carried out at
room temperature in NO�He flow for 0.5 h. The catalyst was then ex-
posed to He for 0.5 h at room temperature to remove all the physically
adsorbed species before starting the temperature program.

Fourier transform infrared (FTIR) analyses of adsorption spectra were
recorded using a Nicolet 5700 FTIR spectrometer in the range of wave
numbers 400–4000 cm�1 at a resolution 4 cm�1 (number of scans: 32). The
FTIR spectra for CO and/or NO molecules filled in IR cell with CaF2

windows were recorded at various target temperatures as background for
each test. The normal samples (�15 mg) were pressed into self-support-
ed disks for IR characterization at room temperature and were pretreat-
ed for 1 h at 100 8C, followed by exposure to a flowing N2 atmosphere,
and were pretreated at 325 8C by CO in an IR cell. After being cooled to
room temperature, the sample wafers were exposed to a controlled
stream of CO�Ar (10 % of CO by volume) and/or NO�He (5 % of NO
by volume) at a rate of 5.0 mL min�1 for 30 min. The FTIR analyses of
competition adsorption experiments between NO and CO were per-
formed after all samples were pretreated with CO at 325 8C in an IR cell.
After being cooled to room temperature, NO adsorption was maintained
for 45 min until the intense of FTIR adsorption band of NO remained
unchanged, and then CO was introduced into the IR cell for 30 min. In
addition, the CO-pretreated samples were chosen as the background
spectra in NO and CO competition adsorption experiments. In situ FTIR
experiments were performed by heating the adsorbed species at different
temperatures, and NO+CO gas was chosen as the background spectra.
Thus, the IR absorption features that originated from the structure vibra-
tions of the catalyst were eliminated from the corresponding gas back-
ground spectra.
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