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Abstract

Activity measurements were made of the NO+CO reaction over a series of CuO/CeO2 and CuO/g-Al2O3 catalysts with var-
ious loading amounts of CuO at low-temperatures, XRD, TPR, UV–DRS and XPS were also used for the characterization of the
catalysts. The results show that NO conversions have an intimate relation with the loading amount of CuO and the supports used
at temperature lower than 200◦C, and the activities decreased in the order: CuO/CeO2 > CuO/g-Al 2O3 > crystalline CuO.
Under these reaction conditions, the activities of the catalysts strongly depended on the surface dispersed copper oxide species.
When the temperature was increased to 300◦C, NO completely conversed to N2 over the catalysts, which meant that the temper-
ature had strongly influenced the reaction. The influence of the support on the activities of the supported copper oxide species
was tentatively discussed in the view of the strong interactions between active components and the supports which significantly
promoted the reduction of the surface dispersed copper oxide species. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The air purification reactions using heterogeneous
catalysts have been important topics due to their appli-
cation to automobile exhaust converters and industrial
waste incineratorts [1–4]. Copper oxide-based cata-
lysts have been considered as suitable substitutes for
noble metal catalysts in emission control applications
because of their higher catalytic activity for the purifi-
cation reactions. Much more efforts have been made
in studying the activities of various copper-based sys-
tems in the catalytic decomposition of NO with CO or
hydrocarbons in the presence or absence of O2 [5–8].
Consequently, the states and roles of copper species in
the catalysts are also widely open to be investigated.
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Redox processes induced by the interaction of a
calcined Cu/CeO2 catalyst with CO and re-oxidation
with O2 have been investigated by using CO-TPR,
EPR, FT-IR of CO adsorption, and XPS [9]. The re-
sults show that a significant reduction of copper oxide
is produced already by contacting with CO at room
temperature, and the reducibility decreases with the
aggregation degree of copper oxide species. Simul-
taneously, the ceria surface is also reduced by this
interaction with copper acting as a promoter. The syn-
ergetic effects in the reduction process and the easy
re-oxidation of deeply reduced ceria are thought to be
crucial to the high catalytic activity for CO oxidation.

Morterra et al. has studied the role of surface hy-
drated state on the nature and reactivity of copper
ions in Cu-ZrO2 catalysts for N2O decomposition
[10]. They concluded that the stationary and
non-stationary catalytic behavior of Cu-ZrO2 systems
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in the decomposition of N2O at 723 K depended
strongly on the pretreatment, and could be correlated
to the dispersion, oxidation, and hydration-state of
copper surface species. The chemical changes that
occurred in two catalysts (Cu-ZSM-5 and CuAl2O3)
during selective reduction of NO with propene in
the presence of oxygen were studied using in situ
X-ray absorption near edge structure (XANES) by
Marquez-Alvarez et al. [11]. They concluded that the
rate-limiting step of the reaction takes place on cupric
although other species may also participate.

While the investigations are plausible, few reports
have been found for correlating the catalytic activity
of supported copper species with the surface struc-
ture of the supports [12,13]. There are many complex
factors influencing the catalytic activity of supported
copper oxide, and in which, the surface states of the
dispersed copper oxide should be one of the important
factors. The incorporation model proposed by Chen
et al. tried to address such a question by tentatively
suggesting that in experimental errors the prefer-
entially exposed plane instead of all the coexisting
planes on the support can be used for discussion, and
the vacant sites on the preferentially exposed planes
of the support can be used for the incorporation of
the dispersed cations [14,15].

Accordingly, in this paper, the catalytic activities of
supported copper oxide on CeO2 and g-Al2O3 dur-
ing NO reduction in the presence of CO at relatively
low-temperatures have been studied. Catalytic activ-
ity variation for the copper oxide species on different
supports was also discussed by tentatively correlating
the enhancement of the supports with their different
surface structures.

2. Experiment

2.1. Instruments

X-ray diffraction (XRD) patterns were obtained on
a Shimadzu XD-3A diffractometer employing Cu Ka
radiation (0.15418 nm), the X-ray tube was operated
at 35 kV and 20 mA. X-ray photoelectron spectra
(XPS) were recorded with a V.G. Escalab MK II
system equipped with a hemispherical electron ana-
lyzer, a Mg Ka anode was used, C1s binding energy
value of 284.4 eV was used as a reference level. BET

surface areas were measured by nitrogen adsorption
at 77 K on a Micrometrics ASAP-2000 adsorption
apparatus. UV–DRS (UV–VIS diffuse reflectance
spectra) was recorded in the range of 200–700 nm by
a Shimadzu UV-2100 spectrometer with BaSO4 as
reference.

TPR (temperature programmed reduction) was
carried out in a quartz U-tube reactor, and a 30 mg
catalyst was used for each measurement. Prior to the
reduction, the catalyst was pretreated in a N2 stream
at 100◦C for 1 h and then cooled to room tempera-
ture. After that a H2–N2 mixture (5% by volume) was
switched on. The temperature was increased linearly
at a rate of 10 K/min.

2.2. Catalysts preparation

g-Al2O3 (Fusun Petrochemical Institute in China)
was calcined at 700◦C for 5 h before used as support
for preparing supported catalysts, and the BET surface
area was 195 m2/g. CeO2 was obtained by thermal
decomposition of Ce(NO3)3·6H2O in air at 550◦C for
5 h, the BET surface area was 58 m2/g.

CuO-supported catalysts with different CuO load-
ing amounts were prepared by incipient wetness
impregnation of CeO2 or g-Al2O3 with an aqueous
solution containing the requisite amount of copper
nitrate hexa-hydrate. The samples were dried in air
at 100◦C for 24 h, and then calcined at 450◦C for
3.5 h. In this paper, both commonly used units for
the CuO loadings were employed, namely, weight
percent (wt.%) and millimoles of CuO per 100 m2 of
the surface area of CeO2 or g-Al2O3.

Catalytic detection were carried out using a gas flow
reactor system, involving a feed steam with a fixed
composition NO 5%, CO 10%, and He 85% as a dilet-
tante by volume. A quartz U-tube with a requisite
quantity of catalyst (100 mg) was used. The catalysts
were pretreated in He stream at 100◦C for 1 h and
then cooled to room temperature, after that the mixed
gases were switched on. The reactions were operated
at different temperatures with space velocity 2500 or
5000/h, respectively. Two volumes and TCDs (ther-
mal conduction detection) were used for the purpose
of analyzing the production, and volume A packed
with 5A molecular sieve (40–60 M) for separating N2,
NO and CO, volume B packed with Paropak P for the
separation of N2O and CO2.
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Table 1
BET areas of various prepared catalysts

Catalysts CuO loading BET area

mmol/100 m2 g-Al2O3 wt.% (m2/g)

CuO/g-Al2O3 0.1 1.5 177.4
0.4 5.9 181.6
0.8 11.1 167.6
1.2 15.8 157.9
1.8 21.9 151.4
2.4 27.2 –

CuO/CeO2 0.1 0.4 51.7
0.3 1.3 52.2
0.6 2.5 50.4
1.2 4.9 47.7
1.8 7.2 42.1
2.4 9.3 –

CuO −0.2

3. Results and discussion

3.1. Catalyst characterization

3.1.1. BET results
Bare CuO has a negative BET surface area, as

shown in Table 1. Although the deposition of cop-
per oxide species causes the surface areas decreasing
from 195 to about∼180 m2/g, as compared with bare
g-Al2O3 support, there are no significant variations
in surface area for the CuO/g-Al2O3 catalysts with
CuO loading amounts of 0.1 and 0.4 mmol/100 m2

g-Al2O3, respectively. However, the surface areas
decrease dramatically as more CuO is loaded. For
CuO/CeO2 catalysts with CuO loading amounts rang-
ing from 0.1 to 1.2 mmol/100 m2 CeO2, the deposition
of copper oxide species does not induce evident de-
crease in the surface areas. Accordingly, it can be sug-
gested that copper oxide species in these catalysts with
lower loading amounts (≤0.4 mmol/100 m2 g-Al2O3
for the CuO/g-Al2O3 catalysts;≤1.2 mmol/100 m2

CeO2 for the CuO/CeO2 catalysts) might rather have
formed homogeneous phase (surface dispersed copper
oxide species) than large CuO particles.

3.1.2. XRD characterization
XRD patterns of CuO/g-Al2O3 catalysts with dif-

ferent CuO loading amounts are shown in Fig. 1. For
the pattern corresponding to catalyst with CuO load-
ing amount of 0.1 mmol/100 m2 g-Al2O3, no peaks

Fig. 1. XRD patterns: (a)–(f) for CuO/g-Al2O3 catalysts with
CuO loading amount of 0.1, 0.4, 0.8, 1.2, 1.8, 2.4 mmol/100 m2

g-Al2O3, respectively.

of the crystalline CuO are observed, as shown in
curves Fig. 1a. As the loading amounts are increased
to 0.4 mmol/100 m2 g-Al2O3, two very weak peaks at
35.44 and 38.78◦ are resolute, indicating the forma-
tion of some small CuO crystallites. The formation of
large CuO crystalline is observable by the appearance
of two strong diffraction peaks corresponding to bulk
CuO for the catalysts with loading amounts of CuO
higher than 0.8 mmol/100 m2 g-Al2O3. Noticeably, it
has proved that the dispersion capacity of copper ox-
ide ong-Al2O3 is about 0.75 mmol/100 m2 g-Al2O3
[16], which is much higher than the present result.
This might be caused by the influence of the copper
precursor, because the quantitative XRD measure-
ments have shown that the impregnation ofg-Al2O3
support with copper nitrate hexa-hydrate induced
rather insufficient dispersion of the copper oxide
species than that with copper organic compound used
[17,18].

XRD results of CuO/CeO2 catalysts with different
CuO loadings are shown in Fig. 2. For the catalysts
with CuO loading amounts≤1.2 mmol/100 m2 CeO2,
the major peaks are mainly due to the CeO2 crystal
phase. Typical diffraction peaks corresponding to the
crystalline CuO appeared in the catalysts with CuO
loadings higher than 1.2 mmol/100 m2 CeO2, as shown
in Fig. 2e–g, which meant that the crystalline CuO
phase has been formed.
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Fig. 2. XRD patterns: (a)–(f) for CuO/CeO2 catalysts with CuO
loading amount of 0.1, 0.3, 0.8, 1.2, 1.8, 2.4 mmol/100 m2 CeO2,
respectively; (g) mixture of CuO (1.8 mmol/100 m2 CeO2) with
CeO2.

3.1.3. UV–DRS results
UV–DRS characterizations were also carried out for

the characterization of the copper oxide species, Fig. 3
presents the UV–DRS profiles of some CuO/g-Al2O3
catalysts. In addition, UV–DRS profiles of bare CuO
and g-Al2O3 support have also been obtained for
comparison, as shown in Fig. 3a and b, respectively.
For CuO, two broad absorptive bands with maxi-
mums at about 290 and 600 nm are observed, while
for the g-Al2O3 support, there are no evident ab-
sorption bands observable. For the CuO/g-Al2O3

Fig. 3. UV–DRS patterns: (a) bare CuO; (b)g-Al2O3; (c)–(g) for
CuO/g-Al2O3 catalysts with loading amount CuO of 0.1, 0.4, 0.8,
1.2, 2.4 mmol/100 m2 g-Al2O3, respectively.

Fig. 4. UV–DRS patterns: (a) bare CuO; (b) CeO2; (c)–(e)
for CuO/CeO2 catalysts with loading amount of CuO 0.3, 1.2,
2.4 mmol/100 m2 CeO2, respectively.

catalysts, the spectroscopy appears to be strongly
related to the CuO loading amount. A very strong
absorption band at about 250 nm is observed for the
catalyst with a loading amount of 0.1 mmol/100 m2

g-Al2O3, which might be attributed to the surface
dispersed copper oxide species strongly interacting
with the support. When CuO loading amounts are in-
creased, the adsorption bands are broadened, and the
more CuO is loaded, the broader the bands become,
which might be attributed to the co-contribution of
the surface dispersed oxide species and crystalline
CuO.

UV–DRS profiles of CuO/CeO2 catalysts with
various CuO loading amounts are shown in Fig. 4.
For the catalysts with CuO loading amounts
≤1.2 mmol/100 m2 CeO2, There was only one ab-
sorptive band at about 320 nm, corresponding to the
surface copper oxide species, which means that cop-
per species in these samples are mainly dispersed
on the surface of CeO2. For the catalyst with load-
ing amount higher than 1.2 mmol/100 m2 CeO2, the
absorption band of small crystalline CuO (at about
280 nm) was also observed.

Moreover, it is interesting to see that the absorption
bands corresponding to the surface dispersed copper
oxide species on different supports are significantly
different, which suggests that supports have an inti-
mated influence to the properties of the copper oxide
species [19].
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Fig. 5. NO conversions towards loading amount of CuO over
CuO/g-Al2O3 catalysts at 200◦C: (a), (b) with space velocity 5000
and 2500/h, respectively.

3.2. Reaction activity

3.2.1. The activities of the CuO/γ -Al2O3 catalysts
The influence of loading amount of CuO on the

activity of the CuO/g-Al2O3 catalysts is shown in
Fig. 5. For a comparison, crystalline CuO and the
physical mixture of CuO andg-Al2O3 were initially
used in the reaction at temperatures ranging from 100
to 200◦C. However, these catalysts showed a negative
activities during the reaction. The activity measure-
ment for the CuO/g-Al2O3 catalysts at temperatures
lower than 200◦C did not show evident activity either.
At the reaction temperature 200◦C, NO conversions
reached a maximum when the CuO loading amounts
were increased to 11.1 wt.% (corresponding to the cat-
alyst with CuO loading amount of 0.8 mmol/100 m2

g-Al2O3), then the NO conversions decreased steadily
with the increasing of the CuO loading amounts. Si-
multaneously, only N2O was detected for all the cat-
alysts in this reaction condition. It seems that the NO
conversion has an intimate correlation with the load-
ing amount of CuO. As the temperature was increased
to 300◦C, NO was completely conversed to N2 over
all the catalysts regardless the CuO loading amount in
CuO/g-Al2O3 system.

Combined with the spectroscopic results, this re-
sults leads to a suggestion that the active components
for the copper-based catalysts are probably the sur-
face dispersed copper oxide species at 200◦C. The de-
crease of the NO conversions can be partially ascribed

Fig. 6. (A) NO conversions towards loading amount of CuO over
CuO/CeO2 catalysts at 100◦C: (a), (b) with space velocity 5000
and 2500/h, respectively; (B) NO conversions towards loading
amount of CuO over CuO/CeO2 catalysts at 200◦C: (a), (b) with
space velocity 5000 and 2500/h, respectively.

to the formation of large crystalline CuO particles on
the surface of the support.

3.2.2. The activities of CuO/CeO2 catalysts
Fig. 6 showed the curves of NO conversion over

CuO/CeO2 catalysts at different temperatures. It is
interesting that the activity measurement did not show
NO conversions over the mixture of CuO and CeO2
at temperatures ranging from 100 to 200◦C, and over
bare CeO2 up to 300◦C. For the CuO/CeO2 catalysts,
at 100◦C, NO conversions increased with CuO loading
amounts and reached the maximum when the loading
amount was 4.89 wt.% (corresponding to the catalyst
with CuO loading of 1.2 mmol/100 m2 CeO2). When
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the CuO loadings were beyond 1.2 mmol/100 m2

CeO2, the conversions decreased steadily as shown
in Fig. 6A, which was similar with that observed for
CuO/g-Al2O3 catalysts. Therefore, it is reasonable
to conclude that the activity of the catalysts at lower
temperatures is strongly related to the loading amount
of CuO, and surface dispersed copper oxide species
are the active components. At 200◦C, NO conversions
still increased and up to 100% regardless of the fact
that much more CuO was loaded and large amount of
CuO crystallite formed, as shown in Fig. 6B, which
was completely different from the results obtained
at 100◦C. Otherwise, when the temperature was in-
creased to 300◦C, NO are completely reduced to N2.

3.2.3. Influence of supports on the catalytic activity
On the basis of the activity measurements, it seem

reasonable to propose that at lower temperatures, the
catalytic activity derives primarily from the contribu-
tion of highly dispersed copper oxide species, while
the CuO particles have negligible influence in these
systems. Furthermore, it is interesting to show that the
supports also contribute a lot to the catalytic activity.
The dispersed copper oxide species on the surface of
CeO2 have shown evident activities for this reaction
at 100◦C, however, the activity measurement did not
show NO conversion over CuO/g-Al2O3 catalysts at
this temperature. When the temperature was increased
to 200◦C, the reaction data showed that the NO con-
versions over all the CuO/CeO2 catalysts were much
higher than those over the CuO/g-Al2O3 catalysts, ir-
respective of the fact that higher CuO contents in the
CuO/g-Al2O3 catalysts, as shown in Fig. 7.

Noticeably, the unique information conveyed by
calculating the turn-over numbers of NO moleculars
provided a complimentary proof on the significance
of the support effects. The turn-over number over
CuO/CeO2 catalysts were one or two orders of mag-
nitude higher than that over CuO/g-Al2O3 catalysts
at 200◦C, as listed in Table 2. It can thus, be deduced
that catalytic activity of the dispersed copper oxide
species on CeO2 was rather greatly enhanced due to
the promotion of the support than that ong-Al2O3.

As known to all, g-Al2O3 has a defect spinel
structure with its (1 1 0) planes preferentially exposed
[20,21], and the exposed plane is the composition of
two kinds of layers, C- and D-layers. The probabilities
of the two layers exposed are equal. For an exam-

Fig. 7. Comparison of NO conversions over CuO/g-Al2O3 and
CuO/CeO2 catalysts with space velocity 5000/h at 200◦C: (a)
CuO/g-Al2O3 catalysts; (b) CuO/CeO2 catalysts.

Table 2
The turn-over number of NO in different catalystsa

Catalysts CuO loading (mmol/
100 m2 g-Al2O3)

Turn-over number

100◦C 200◦C

CuO/CeO2 0.1 65 1044
0.3 54 374
0.6 47 207
1.2 34 117
1.8 24 121
2.4 21 129

CuO/g-Al2O3 0.1 0 0
0.4 0 3
0.8 0 9
1.2 0 8
1.8 1 4
2.4 0 2

a The number of NO molecules reduced on every dispersed
copper oxide site per hour.

ple, D-layer is taken into consideration for discussing
the surface structure of the dispersed copper oxide
species in the present discussion. When CuO/g-Al2O3
catalysts are calcined at the temperature of 450◦C,
Cu2+ ions strongly interact with the support and have
a preference to incorporate into the surface octahe-
dral vacancies to form a copper oxide species with
an defect octahedral coordination structure, because
the Cu2+ cation is 3d94s0 and has one an electronic
structure with one unpaired electron, therefore, Cu2+
cation has a strong covalent distributions in Cu–O
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Fig. 8. The schematic diagram for the incorporated Cu2+ ions in
the surface vacant site of the (1 1 0) plane ofg-Al2O3.

bond of dispersed cupric oxide [16]. The configu-
ration of the isolated incorporated Cu2+ ion on the
D-layer ofg-Al2O3 (1 1 0) plane could be depicted as
Fig. 8. It also should be noted that possibility of the
formation of surface CuAl2O4 species is exclusive,
since the dispersion of metal oxide species onto oxide
support surface is a very specific case, i.e. the interac-
tion between metal oxides and their support surface is
not so strong as the chemical bond in compounds, the
geometries of the metal oxides and the support surface
are not changed much, it is better to use the above
geometry than optimized geometry [16]. Otherwise,
it has been reported that CuAl2O4 species is formed
by the calcination of stoichiometric amounts of the
respective nitrates in the air at 1000◦C for 24 h [17].

CeO2 support, obtained by the calcination of
Ce(NO3)3·6H2O, has a fluorite structure with its
(1 1 1) plane preferentially exposed [22], on which
only the cubic vacant sites are present. The dispersed
copper oxide species could form a five-coordinated
surface structure by the incorporation of the Cu2+
cations into the surface vacant sites of CeO2, as shown
in Fig. 9. Noteworthy, the coordination environment
of the dispersed surface copper oxide species in
CuO/g-Al2O3 and CuO/CeO2 catalysts are different
due to the different surface structures of the supports,
which will lead to the different catalytic properties
consequently.

Fig. 10 shows the TPR profiles of the CuO/g-Al2O3
and CuO/CeO2 catalysts with loading amount of CuO

Fig. 9. The schematic diagram for the incorporated Cu2+ ions in
the surface vacant site of the (1 1 1) plane of CeO2.

Fig. 10. TPR profiles of various catalysts: (a) crystalline
CuO; (b) CuO/g-Al2O3 catalysts with loading amount of CuO
0.4 mmol/100 m2 g-Al2O3; (c) CuO/CeO2 catalysts with loading
amount of CuO 0.6 mmol/100 m2 CeO2.

below the dispersion capacity. For the crystalline
CuO, only one peak with H2 consumption maximum
around 250◦C was observed, as shown in Fig. 10a. For
CuO/CeO2 catalyst, there were two reduction peaks
with H2 consumption maximum at 155 and 166◦C,
corresponding to the reduction of Cu2+ to Cu+, and
the reduction of Cu+ to Cu0, respectively [23]. While
for CuO/g-Al2O3, only one peak at 227◦C was ob-
served, which is higher than those corresponding to
the reduction of dispersed copper oxide on CeO2, al-
though it is lower than that of crystalline CuO. These
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results meant that the reduction of the dispersed cop-
per oxide species was enhanced by the supports, and
CeO2 exhibited stronger enhancement thang-Al2O3
support.

Recall the previous reports, it is acknowledged that
oxygen-transformation between the ceria species and
the active components for the ceria-containing cata-
lysts is necessary to dissociate NO or the oxidize CO
[24,25]. Otherwise, some workers also concluded that
the activity of cerium oxide-doping catalysts shows
to be correlated with either the bulk oxygen vacancy
concentration or oxygen mobility [26,27]. Shelef and
Kunmmer [28] suggested that the reduction of NO in
the presence of CO could proceed in two steps, the
first one is a partial reduction of NO to N2O, and the
second one is a subsequent reduction of N2O to N2.
Each of the steps corresponds to the oxidation of a re-
duced site. Therefore, the majority of oxygen obtained
by NO is liberated accompanied by the formation of a
more positive site. Along this line, higher reducibility
of copper oxide species might be profitable for the cy-
cling of the re-oxidation during the reaction, because
it is established that the Cu2+ acts as the NO adsorp-
tion site while Cu+ acts as the CO adsorption sites
and the recipient of the dissociation oxygen [29,30].

3.2.4. States of copper species in the reaction
In order to monitor the changes of the dispersed

copper species after the reaction, XPS characteriza-
tions were performed. XP spectra of Cu2p peaks for
the copper oxide on different supports and with differ-
ent loading amounts are shown Fig. 11, a systematic
study of XPS parameters as a function of the supports
and treatments are summarized in Table 3. In Table 3,
there are no obvious variations in the parameters for
the CuO/g-Al2O3 catalyst after the reaction, and the
intensity of characteristic shake-up peaks correspond-

Table 3
Binding energies of CuO/CeO2 and CuO/g-Al2O3 catalysts

Catalysts Treatmenta O1s (eV) Cu2p3/2 (eV) Al2p (eV) Ce3d5/2 (eV)

0.4 CuO/g-Al2O3 Untreated 530.6 933.2 74.3
0.4 CuO/g-Al2O3 Treated 530.6 933.2 74.3
0.6 CuO/CeO2 Untreated 528.9 933.3 881.9
0.6 CuO/CeO2 Treated 529.1 932.8 882.1

a Catalysts were used in the reactions at 200◦C.

Fig. 11. XPS results of Cu2p3/2 in the different catalysts: (a), (a′)
CuO/CeO2 catalysts with loading amount of CuO 0.6 mmol/100 m2

CeO2 before and after reaction respectively; (b), (b′) CuO/g-Al2O3

catalysts with loading amount of CuO 0.4 mmol/100 m2 g-Al2O3

before and after reaction, respectively.

ing to the Cu2+ [31] did not change evidently either.
It seemed to suggest that the valent of the dispersed
copper oxide species ong-Al2O3 is not changed dur-
ing the reaction under present condition. However, al-
though no evidently changed B.E values of Cu2p3/2
for the copper oxide species on CeO2 could be ob-
served, as shown in Table 3, the shake-up peak inten-
sity was much weaker after the reaction, as shown by
comparing the curves of Fig. 11a and a′, which means
that the amount of Cu2+ cations has been decreased
during the reaction. Recall the TPR results, this change
might be attributed to the reduction of some dispersed
copper oxide species to Cu+. Therefore, it can be
assumed that the reduction of NO in the presence
CO might involve in a cycling of Cu2+/Cu+ at lower
temperatures (≤200◦C).
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When the reaction was carried out at 300◦C, the
states of the surface copper oxide species were al-
tered. The color changes of the catalysts from grey to
dark, as well as slightly red, after the reaction implied
the reduction of the copper species to Cu+ and Cu0.
This observation suggested that the active species were
Cu+ and Cu0 at higher temperature, the reduction of
NO molecules might proceed through another kind of
mechanism [32,33].

4. Conclusion

The catalytic activity of the dispersed copper oxide
species has a strong relation with the supports at lower
reaction temperatures. For NO+ CO reaction, CeO2
exhibit a substantially much higher promotion effect
as compared tog-Al2O3, and the dispersed copper
oxide species on the surface of CeO2 have shown to
be more active in the H2 oxidation as compared with
that on theg-Al2O3 support. The higher reducibility
of dispersed copper oxide species should contribute
to a lot to the activity in the NO+ CO reaction. The
promotion effect of the support is attributed to their
different surface properties that induce variation in the
coordination environments of the surface dispersed
copper oxide species.
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