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A B S T R A C T

The influence of CO pretreatment on the properties of CuO/CeO2/g-Al2O3 catalysts was investigated

using X-ray diffraction (XRD), temperature programmed reduction (TPR), X-ray photoelectron

spectroscopy (XPS) and infrared spectroscopy (IR). The activities of the treated catalysts were measured

in low-temperature CO oxidation reactions (�200 8C). For this reaction, the activities of CuO/CeO2/g-

Al2O3 catalysts are intimately related to operation temperature, copper oxide loading amount and CO

pretreatment. The influence of the first two factors, i.e., operation temperature and copper oxide loading

amount, is similar to the previous results of CuO/g-Al2O3 catalysts [H.Q. Wan, Z. Wang, J. Zhu, X.W. Li, B.

Liu, F. Gao, L. Dong, Y. Chen, Appl. Catal. B: Environ. 79 (2008) 254–261]. CO conversions are clearly

promoted with increasing operation temperatures and the maximum CO conversions are always

reached over the catalysts with a copper oxide loading amount of 0.6 mmol Cu2+/100 m2 g-Al2O3, at the

set operation temperatures. For the third factor, CO conversions over the CO-treated CuO/CeO2/g-Al2O3

catalysts are slightly lower than those over the fresh catalysts with the same amount of copper oxide. In

contrast, the activity was enhanced over the CO-treated CuO/g-Al2O3 catalysts in the previous report.

XRD, TPR and XPS results show that CO pretreatment at 250 8C mainly results in the reduction of

crystalline CuO to Cu0 and of partially dispersed Cu2+ to Cu+ and Cu0 in CuO/CeO2/g-Al2O3 catalysts. IR

results indicate that besides the CO–Cu+ adsorption band at�2110 cm�1 on the fresh and CO-pretreated

catalysts exposed to CO stream when temperatures are above 50 8C, a new adsorption band at 2170 cm�1

is detectable corresponding to CO–Cu2+ or CO–Cu0 over the CO-treated CuO/CeO2/g-Al2O3 catalysts with

copper oxide loading amounts of 0.3 and 1.2 mmol/100 m2g-Al2O3 at the adsorption temperatures

beyond 150 8C. The influences of the ceria modification on the generation of copper species in fresh and

CO-treated CuO/CeO2/g-Al2O3 catalysts and their activities in CO oxidation were discussed.

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

Catalytic oxidation of carbon monoxide is an important
reaction for many applications, such as catalytic combustion
for CO removal from vehicle exhaust, CO2 laser exhaust
abatement, and CO preferential oxidation for proton exchange
membrane fuel cells (PEMFCs). The catalysts employed in such
reaction are the noble metals Pt, Pd, Au and Rh supported on
convenient materials such as alumina, zirconia, ceria and titania
oxide [1–4]. Noble metals work very well with the high catalytic
activity and stability on CO oxidation at low temperature, but if
one considers about the limited availability and high cost of
precious metals, more attention must be given to the catalysts
* Corresponding authors. Tel.: +86 25 83592290; fax: +86 25 83317761.
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with transition metals as active component. Copper-based
catalyst has been found to be an excellent candidate for CO
oxidation [5]. However, pure copper-based catalyst is less active
and stable than the precious metal catalysts in the presence of
water vapor. Thus many metal oxides, e.g., CeO2 [6,7], ZnO [8],
Li2O [9], Cr2O3 [10] and Co3O4 [11], are introduced into the CuO/g-
Al2O3 catalyst to improve the activity. Among them, CeO2 shows
an excellent effect on the activity of the catalysts due to its
outstanding oxygen storage capacity (OSC) and the ease of the
Ce(III)–Ce(IV) redox cycle. Therefore, most studies have been
focused on ceria modified CuO/g-Al2O3 catalyst and insight-filled
information on this kind of catalyst has been obtained. It is
generally recognized that the participation of ceria in metal/
support interactions is mainly responsible for the important
promoting effect of ceria on these systems, these effects being
connected to the particular redox properties acquired by the
systems upon establishment of metal–ceria contacts [12].
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We have done a series of studies on CuO/g-Al2O3 and CeO2-
modified CuO/g-Al2O3 catalysts previously, trying to understand
the interactions among ceria, copper oxide and g-Al2O3 support at
the atomic level by taking the surface structure of g-Al2O3 into
consideration [13–17]. The states of ceria and copper oxide species,
and their contributions to the removal of CO and/or NO reactions,
e.g., NO + CO reactions, have been reasonably described at different
loading amounts of ceria and copper oxide [14,15]. Recently, we
found that CO pretreatment on the CuO/g-Al2O3 catalysts has
produced more Cu+ species, and species which promote the
activity in CO oxidation reaction [18]. Moreover, when we consider
that the catalysts are usually used for selective catalytic oxidation
in the reduction atmosphere (such as in H2 and CO)[5,19], studying
the performance of the catalysts in these reduction conditions is
significant for understanding more about the behaviors of these
catalytic processes. Martı́nez-Arias et al. [20] have studied the
effect of CO pretreatment on the properties of CuO/Al2O3 and CuO/
CeO2/Al2O3 catalysts. However, they have not tested the catalytic
activity. Here we investigate the influence of CO pretreatment on
the properties of ceria-modified CuO/g-Al2O3 catalysts by XRD, H2-
TPR, XPS, FT-IR and activity in CO oxidation. We conclude that the
catalytic activity decreased over the CO-treated CuO/CeO2/g-Al2O3

catalysts because part of the dispersed Cu2+ species was reduced to
Cu0 and that the Ce3+ + Cu+$ Ce4+ + Cu0 redox system shifted to
the right during the CO process.

2. Experimental

2.1. Catalyst preparation

g-Al2O3 support, obtained from Fushun Petrochemical Institute
of China, was calcined in flowing air at 700 8C for 7 h, the BET
surface area was 155.9 m2 g�1 after treatment.

CeO2/g-Al2O3 support was prepared by impregnating g-Al2O3

with an aqueous solution containing a requisite amount of
Ce(NO3)3, followed by drying in air at 100 8C overnight and then
calcining in flowing air at 500 8C for 5 h. The loading of CeO2 is
0.1 mmol Ce4+/100 m2 g-Al2O3.

CuO/CeO2/g-Al2O3 samples were prepared by impregnating
CeO2/g-Al2O3 support with an aqueous solution containing the
requisite amount of Cu(NO3)2; then the samples were treated as
CeO2/g-Al2O3. For simplicity, the resultant catalysts are denoted as
xCu/CeAl, e.g., 0.3Cu/CeAl corresponding to the catalyst with a
copper oxide loading amount of 0.3 mmol Cu2+/100 m2 g-Al2O3.

CO pretreatment for CuO/CeO2/g-Al2O3 catalysts was con-
ducted in a quartz tube. Before the switch to CO, each CuO/CeO2/g-
Al2O3 catalyst was pretreated in a N2 stream at 100 8C for 1 h. After
cooling down to room temperature, the catalyst was exposed to a
CO–N2 stream (1.6% CO by volume, at atmospheric pressure) at a
rate of 8.4 mL min�1, and was heated to 250 8C (10 8C min�1) and
held there for 1 h. The treated catalyst was cooled to room
temperature in a N2 stream. The resultant catalysts are denoted as
xCu/CeAl–CO, e.g., 0.3Cu/CeAl–CO corresponding to the CuO/CeO2/
g-Al2O3 with copper oxide loading amount of 0.3 mmol Cu2+/
100 m2 g-Al2O3 following a CO pretreatment. Additionally, after
here CuO/g-Al2O3 and CO-treated CuO/g-Al2O3 are denoted as Cu/
Al and Cu/Al–CO, respectively.

2.2. Instruments

XRD patterns were recorded on a Philips X’pert Pro diffract-
ometer using Ni-filtered Cu Ka radiation (0.15418 nm). The X-ray
tube was operated at 40 kV and 40 mA.

TPR was carried out in a quartz U-tube reactor connected to a
thermal conduction detector (TCD) with a H2–Ar mixture (7.3% H2

by volume) as reductant. A 100 mg sample was used for each
measurement. Before the switch to the H2–Ar stream, each sample
was pretreated in a N2 stream at 100 8C for 1 h. Each TPR
measurement starts at room temperature at a rate of 10 8C min�1.

XPS measurements were performed on a Thermo ESCALAB 250
high performance electron spectrometer using monochromatized
Al Ka (hn = 1486.6 eV) as the excitation source. A binding energy
(BE) of 284.6 eV for the C 1s level was used as an internal reference.

In situ IR spectra of CO molecules adsorbed on Cu/CeAl catalysts
were recorded on a Nicolet 5700 FT-IR spectrometer at a spectral
resolution of 4.0 cm�1. CO adsorption was performed by exposing a
self-supporting wafer of a catalyst (about 10 mg), mounted in a
commercial controlled environment chamber (HTC-3), to a stream
of CO–N2 mixture (10% CO by volume) at a rate of 5 mL min�1 for
30 min. IR spectra were recorded at 25 8C and various target
temperatures. For the case of adsorption on CO-pretreated
catalysts, catalyst pretreatment was done for the Cu/CeAl catalysts
for which the IR results have been recorded in the HTC-3 following
the same procedure as that in the quartz tube.

The activities of the Cu/CeAl catalysts in CO + O2 reaction were
measured in a flow micro-reactor with a gas composition of 1.6%
CO, 20.8% O2 and 77.6% N2 by volume at a space velocity of
30,000 mL g�1 h�1, 25 mg of catalyst was used for each measure-
ment. The catalysts were pretreated in a N2 stream at 100 8C for 1 h
before switching to the reaction gas stream. Tail gas was analyzed
by gas chromatography with a TCD. Two columns were used for gas
separation: one packed with 13� molecular sieve (30–60 M) for
separating O2, N2 and CO; the other packed with Porapak Q for
separating CO2.

3. Results and discussion

3.1. Activities of Cu/CeAl catalysts

The activity values of Cu/CeAl catalysts at different operation
temperatures before and after CO pretreatment were studied
towards CO + O2 reaction; results are shown in Fig. 1. The results of
Cu/Al catalysts have been employed for comparison. These results
show several features: (1) at all the set operation temperatures, CO
conversions over the Cu/CeAl catalysts are higher than those over
the Cu/Al catalysts; (2) CO conversions over the CO-pretreated Cu/
CeAl catalysts are slightly lower than those over fresh catalysts.
Contrarily, CO conversions over the CO-treated Cu/Al catalysts are
improved compared with those over fresh catalysts; (3) CO
conversions over the Cu/CeAl–CO catalysts are usually lower than
those over the Cu/Al–CO catalysts at all the set operation
temperatures; this difference should be related to the amount of
copper oxide species in these catalysts. The absolute amounts of
copper species in Cu/CeAl samples are less than those in Cu/Al
samples at same weight usage in the reaction because of the CeO2

modification, though the loading amounts of CuO in Cu/CeAl
samples are the same as those in Cu/Al samples; (4) the copper
oxide loading amount significantly influences the activities of the
catalysts freshly prepared and CO-pretreated. At the set operation
temperatures in Fig. 1, CO conversions over the catalysts with
copper oxide loading amounts at 0.6 mmol Cu2+/100 m2 g-Al2O3

are much higher than those at 0.3 mmol Cu2+/100 m2 g-Al2O3, but
decrease slightly with increasing copper oxide loading amount
from 0.6 to 1.2 mmol Cu2+/100 m2 g-Al2O3; (5) CO conversions are
dramatically promoted when increasing the operation tempera-
ture, reaching 100% at 200 8C over 0.6Cu/CeAl and 0.6Cu/CeAl–CO
catalysts.

According to the above features, it should be mentioned that the
influence of CO treatment on the activities of Cu/CeAl catalysts and
on Cu/Al catalysts is different. CO treatment leads to the activities
decreasing over the Cu/CeAl but increasing over the Cu/Al samples.
As reported previously [18], CO treatment results in the fact that



Fig. 1. Activity values of various Cu/CeAl and Cu/Al catalysts before and after CO

treatment on CO + O2 reaction at different operation temperatures: (A) 150 8C, (B)

175 8C, and (C) 200 8C. (The loading amount of CeO2 is 0.1 mmol Ce4+/100 m2 g-

Al2O3.)

Fig. 2. XRD patterns of various Cu/CeAl catalysts, before (panel A) and after (panel B)

CO treatment.
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some dispersed Cu2+ in Cu/Al catalysts is reduced to Cu+, which
plays an important role in the CO oxidation. Thus the reason for the
activity decrease over the CO-treated Cu/CeAl catalysts in CO
oxidation is worth exploring. Therefore, it is necessary to identify
the influence of ceria on the states of copper species in fresh and
CO-treated Cu/CeAl catalysts. The physical chemistry properties of
the Cu/CeAl catalysts with or without CO pretreatment are
characterized below.
3.2. XRD results

Fig. 2 shows the XRD patterns of Cu/CeAl and Cu/CeAl–CO
samples. It should be noted that a very weak characteristic peak
(2u = 28.68) [PDF-ICDD (Card No. 04-0593)] associated with
crystalline CeO2 is detected in the patterns of fresh and pretreated
samples, which means that some CeO2 aggregates to crystal on
these catalyst surfaces. Additionally, for the fresh catalysts, no
characteristic peaks associated with crystalline CuO are detected in
the patterns of catalysts 0.3Cu/CeAl and 0.6Cu/CeAl. Several such
peaks with significant intensities (2u = 35.58, 38.78) [PDF-ICDD
(Card No. 41-0254)] appear in the pattern of 1.2Cu/CeAl catalyst, as
shown in the top pattern in panel A. This result indicates that
copper oxide species are highly dispersed on the surfaces of CeO2/
g-Al2O3 when copper oxide loading amounts are �0.6 mmol Cu2+/
100 m2 g-Al2O3 which means that the modification of CeO2 does
not influence the dispersion capacity of copper oxide at this
loading amount.

CO treatment leads to some evident changes in the XRD patterns
of the Cu/CeAl catalysts, intimately depending on copper oxide
loading amount. For 0.3Cu/CeAl–CO and 0.6Cu/CeAl–CO catalysts,
the XRD patterns are identical to those of fresh catalysts with the
same copper oxide loading amount, i.e., no peaks associated with
copper oxide species (or their reduced derivatives) are detected. A
dramatic change is observed in the pattern of 1.2Cu/CeAl–CO
catalyst. The characteristic peaks of crystalline CuO disappear
completely; instead, several peaks associated with metallic Cu
appear at (2u = 43.28, 50.38) [PDF-ICDD (Card No. 4-0836)], which
indicates that CO treatment results in the reduction of crystalline
CuO to Cu0. XRD results of Cu/CeAl and Cu/CeAl–CO are consistent
with those of Cu/Al and Cu/Al–CO reported previously [18], which
displays the influence of CO treatment on the crystalline CuO. To
further explore the influence of CeO2 modification and CO treatment
on the dispersed copper species, we employed H2-TPR, XPS and CO-
IR to characterize the Cu/CeAl catalysts.

3.3. H2-TPR results

TPR profiles of various Cu/CeAl catalysts are shown in Fig. 3. For
the fresh catalysts, the profiles are changed with the increasing of



Fig. 3. TPR profiles of various Cu/CeAl catalysts, before (panel A) and after (panel B) CO treatment; the PFM results of panel B (panel C).

Table 1
The peak area of the TPR profiles of various fresh and treated Cu/CeAl catalysts and

the relative amounts of all kinds of copper species in CO-treated Cu/CeAl catalysts.

CuO loading amount/

mmol Cu2+/100 m2 g-Al2O3

Peak area/a.u. Relative amount of

copper/%

Cu/CeAl–CO Cu/CeAl Cu/CeAl–CO

Cu+ Cu2+ Cu2+ Cu2+ Cu+ Cu0

0.3 2.5 25.0 39.6 63.1 12.6 24.3

0.6 26.8 16.6 82.9 20.2 64.7 15.1

1.2 8.2 26.3 175.9 15.0 9.2 75.8
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copper oxide loading amount. A peak with H2 consumption
maximum at �230 8C appears in the profile of 0.3Cu/CeAl catalyst.
In contrast, a much stronger peak with H2 consumption maximum
at �205 8C is observed in the profile of 0.6Cu/CeAl catalyst and it
should be noted that a trace of a shoulder-peak (�221 8C) could be
observed, too. For the profile of 1.2Cu/CeAl catalyst, only one
stronger peak with H2 consumption maximum appears at�226 8C.
Combined with the XRD results, the peaks appearing in the profiles
of 0.3Cu/CeAl and 0.6Cu/CeAl catalysts can be assigned to the
reduction of dispersed copper oxide species, while the peak
appearing in the profile of 1.2Cu/CeAl catalyst is attributed to the
reduction of both the dispersed and crystalline copper oxide
species. The reduction temperature shifts to a lower value and the
trace appears in the profile of 0.6Cu/CeAl catalyst compared with
that of 0.3Cu/CeAl catalyst, which is caused by the special surface
structure of g-Al2O3 support as reported in a previous study [18].

For the CO-treated Cu/CeAl catalysts, TPR profiles are clearly
changed: (1) a new peak at 130–147 8C appears in all the profiles,
as shown in Fig. 3B; (2) the peak at 130–147 8C is very weak in the
profiles of 0.3Cu/CeAl–CO and 1.2Cu/CeAl–CO catalysts, but
evidently intensifies in the profile of 0.6Cu/CeAl–CO catalyst. This
peak can be assigned to the reduction of Cu+ species (Cu+! Cu0)
arising from the partial reduction of surface-dispersed Cu2+ species
during the process of CO treatment; (3) reversely, the peak at
temperature �196–230 8C is very weak in the profile of 0.6Cu/
CeAl–CO catalyst, but intensifies in the profiles of 0.3Cu/CeAl–CO
and 1.2Cu/CeAl–CO catalysts.

To understand the role of CO treatment on the Cu/CeAl
catalysts, we integrated the peak area of the TPR profiles. Based
on the above discussion, we see that the profile of CO-treated
catalysts include two kinds of copper species; the overlapped
peaks were deconvoluted fitting with Gaussian–Lorentzian curves
using the attached tool of origin PFM (peak fitting module). The
results are shown in Fig. 3C. Actually, the peak area of the TPR
profile stands for the amount of H2 consumption of the catalyst,
which relates to the valence and to the amount of metal oxide.
Table 1 has shown the data of the peak areas of fresh and treated
Cu/CeAl catalysts. Moreover, the relative amounts of copper
species in CO-treated Cu/CeAl catalysts were calculated from the
peak area using the following method:

Cu2þ% ¼ P:A: of Cu2þ of Cu=CeAl�CO

P:A: of Cu2þof Cu=CeAl
;

Cuþ% ¼ 2P:A: of Cuþ of Cu=CeAl�CO

P:A: of Cu2þ of Cu=CeAl
;

Cu0% ¼ 1� Cu2þ%� Cuþ%;

here P.A. stands for peak area. The relative amounts of copper
species in Cu/CeAl–CO have been shown in Table 1 also.

These data indicate the following: (1) after CO treatment, the
peak areas of Cu/CeAl catalysts are decreased obviously, especially
at the loading of 1.2 mmol Cu2+/100 m2 g-Al2O3. The ratio of Cu0

species in 1.2Cu/CeAl–CO catalyst is about 75.8%; this suggests that
part of the surface-dispersed copper oxide are reduced to Cu0

species during the CO treatment while the crystalline CuO are
almost reduced to Cu0, which is consistent with the XRD results;
(2) the amount of Cu+ species in 0.6Cu/CeAl–CO catalyst is the most
in all CO-treated Cu/CeAl catalysts; (3) the ratio of Cu2+ species in
0.3Cu/CeAl–CO is the highest one among these treated catalysts.
This indicates that the copper oxide dispersed in the octahedral
vacant sites of C-layer of g-Al2O3 is stable enough not to be



Fig. 4. Cu 2p XPS results of Cu/CeAl and Cu/Al catalysts before and after CO

treatment. (The loading amounts of CuO and CeO2 are 0.6 and 0.1 mmol/100 m2 g-

Al2O3, respectively.)
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reduced. This is consistent with the previous results [18]; (4) TPR
results suggest that the ceria modification leads to metallic copper
formation in the Cu/Al after CO treatment. It is well established
that XPS can offer a direct proof for the valence of the element.
Then the XPS results of copper species are tested as discussed
below.

3.4. XPS results

To further approach the valence of Cu species in the Cu/Al and
Cu/CeAl catalysts before and after CO treatment, we have recorded
XPS of Cu 2p and Ce 3d. Fig. 4 shows the Cu 2p XPS results of fresh
and CO-treated Cu/CeAl and Cu/Al catalysts at the loading of
0.6 mmol Cu2+/100 m2 g-Al2O3. For the Cu/Al catalysts, the Cu 2p
Fig. 5. Ce 3d XPS (panel A) and Cu 2p XPS (panel B) results of various Cu/CeAl catalysts b

0.6Cu/CeAl–CO, (e) 1.2Cu/CeAl, and (f) 1.2Cu/CeAl–CO. (The loading amount of CeO2 is
results present two group peaks, corresponding to Cu 2p3/2 and to
Cu 2p1/2. In the spectra of fresh Cu/Al sample, the binding energy of
Cu 2p3/2 is at 933 eV with a satellite peak at 942.1 eV, which is the
typical Cu2+ species [21–23]. After CO treatment, the binding
energy of Cu 2p3/2 shifts to 932.3 eV and the intensity of the
satellite peak decreases, which means the formation of lower
valence copper species, i.e., Cu+ or Cu0 [24–26]. In combination
with the previous study, it is reasonable to assign the lower valence
copper species to Cu+ in the Cu/Al–CO catalysts [18]. For the Cu/
CeAl catalysts, it can be found that binding energies of Cu 2p3/2 are
933.8 and 933.5 eV corresponding to fresh and treated catalysts
respectively, while the satellite peaks of the Cu 2p are very weak.
These results indicate that the valences of copper species in Cu/
CeAl samples are lower than those of Cu/Al samples, i.e., both Cu2+

and Cu+ are present in Cu/CeAl samples while Cu2+, Cu+ and Cu0 are
present in Cu/CeAl–CO samples. This result corroborates the TPR
result.

Fig. 5 shows Ce 3d (panel A) and Cu 2p (panel B) XPS results of
Cu/CeAl samples before and after CO treatment. For a more
sensitive result, the pass energy used to scan Ce 3d is 60 eV while
20 eV is used to the other elements, because the loading amount of
CeO2 is only 0.1 mmol Ce4+/100 m2 g-Al2O3 (�0.4 wt.% of Ce). Thus
the resolution of Ce 3d is decreased, that is to say, the principal
peak and the satellite peak of Ce 3d5/2 or Ce 3d3/2 are combined to
form a wide peak. According to the reports of Shyu’s [27–29], the
percent area of the u0 0 0 peak (the satellite peak of Ce 3d3/2 at
�914 eV) in the total Ce 3d region (Ce 3d5/2 and Ce 3d3/2) can be
used to describe the relative amount of Ce4+ in the sample, e.g., it is
absent in pure Ce2O3 and this peak bears ca. 14% of the total
integrated intensity of the Ce 3d in CeO2. Then the percent area of
u0 0 0 peak of all the fresh and treated Cu/CeAl samples is calculated
by integrating the peak area, as shown in Table 2. It can be seen that
the percents of all u0 0 0 peaks are between 13% and 7%, which means
that not only Ce4+ but also Ce3+ is present in all samples. This is
consistent with the results reported by Shyu et al. that both Ce3+

and Ce4+ species are present in Ce/Al samples when the loading
amount of CeO2 is lower than 2.5% CeO2 (�0.14 mmol Ce4+/100 m2

g-Al2O3) [27]. It should be noted that the percents of u0 00 peak
always decrease after CO treatment for the same copper oxide
loading samples. This result suggests that some Ce4+ is reduced to
Ce3+ during the CO treating process. Another feature that should be
noted is that the intensities of CO-treated Cu/CeAl samples
increase as compared to those of fresh samples.
efore and after CO treatment: (a) 0.3Cu/CeAl, (b) 0.3Cu/CeAl–CO, (c) 0.6Cu/CeAl, (d)

0.1 mmol Ce4+/100 m2 g-Al2O3.)



Table 2
XPS data for CeO2% (u0 0 0%, the percent area of the u0 0 0 peak (the satellite peak of Ce

3d3/2 at �914 eV) in the total Ce 3d region (Ce 3d5/2 and Ce 3d3/2)) in various Cu/

CeAl catalysts before and after CO treatment.

CuO loading amount/

mmol Cu2+/100 m2 g-Al2O3

% u0 0 0 in Ce 3d region

Cu/CeAl Cu/CeAl–CO

0.3 8.7 7.2

0.6 12.9 7.5

1.2 10.4 9.2
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Fig. 5B shows the Cu 2p XPS results. These results show three
evident features: (1) for the fresh samples, the binding energies of
Cu 2p3/2 are at about 933.4–933.9 eV and there are satellites at
about 942 eV but the intensities are very weak, which indicates
that the copper species is mainly Cu2+ and some low valent copper
species, i.e., Cu+ are present; (2) the binding energies of treated
samples shift to lower energies and the intensities of satellites
decrease, which means lower valent copper species are formed, i.e.,
Cu+ and/or Cu0; (3) the intensities of Cu 2p increase obviously in
the spectra of treated samples compared with those of fresh
samples.

Combining with the above results, we conclude that the starting
value of ceria is Ce3+ and Ce4+ coexistent in both Cu/CeAl and Cu/
CeAl–CO samples. On the other hand, Cu+ and Cu2+ coexist in Cu/
CeAl samples, and Cu0, Cu+ and Cu2+ are co-present in Cu/CeAl–CO
samples. Then it is sound to suppose that there is a

Ce3þ þCu2þ $ Ce4þ þCuþ (1)

redox system in the Cu/CeAl sample; this suggestion is supported
by Liu’s reports that confirmed that ceria stabilizes copper in a Cu+

state already in preoxidized samples [30,31], and a

Ce3þ þCuþ $ Ce4þ þCu0 (2)

redox system in the Cu/CeAl–CO sample, which is supported by
Garcı́a’s report [32].

Combining with the activity results, for the fresh samples, we
conclude that the activities of the ceria-modified Cu/Al catalysts
are improved in CO oxidation. Thus CO conversions of the Cu/CeAl
catalysts are much higher than those of Cu/Al catalysts at all the
setting temperatures, because ceria modification leads to the
formation of Cu+ species, which plays a significant role in CO
oxidation [18]. For the treated samples, the CO conversions
Fig. 6. IR spectra of CO adsorbed on the various Cu/CeAl catalysts bef
decrease due to the formation of Cu0 during the CO treatment.
According to the redox system (2), increasing of the amount of Ce3+

and Cu+ can result in the amount of Cu0 increasing also. Then the
activities of the CO-treated Cu/CeAl catalysts decrease compared
with the fresh samples.

3.5. IR results

To further identify the states of copper species in the Cu/CeAl
catalysts before and after CO treatment, we have recorded IR
spectra of CO molecules adsorbed on these catalysts under various
temperatures; these are shown in Fig. 6. The spectra present
several striking features: (1) all the spectra are predominated by a
strong band with vibration frequency at 2090–2117 cm�1 at the
adsorption temperatures; (2) this band only gains a very weak
intensity in the spectra of fresh catalysts at the adsorption
temperatures below 100 8C. On the contrary, for the CO-treated
catalysts, regardless of the adsorption temperature, this band is
strong; (3) it should be mentioned that besides this strong band
another band is also detectable at 2170 cm�1 when the adsorption
temperature is beyond 150 8C in the spectra of 0.3Cu/CeAl–CO and
1.2Cu/CeAl–CO catalysts. This band disappears gradually after the
temperature upon 200 8C. This band would rather be associated
with CO adsorption on the copper species than that on the ceria
species, because it is undetectable in the spectra of CeO2/g-Al2O3

sample (not shown here).
According to the literature [33–38], the adsorptions of CO

molecules on Cu2+, Cu+, and Cu0 give rise to peaks with
characteristic vibration frequencies at about 2220–2150 cm�1,
2160–2080 cm�1, and below 2130 cm�1 respectively; among
these, the most stable is CO–Cu+. Hence, it is reasonable to suggest
that the predominant band at 2090–2117 cm�1 in the present
spectra corresponds to vibration of CO molecules adsorbed on Cu+,
and such kind of adsorbing CO molecules is the most stable species
on the Cu/Ce/Al catalysts in the CO stream at temperatures
�200 8C. This is compatible with the above TPR results, which have
shown that CO pretreatment at 250 8C leads part of the dispersed
Cu2+ to be reduced to Cu+. The attribution of the band at 2170 cm�1

appearing in the spectra of 0.3Cu/CeAl–CO and 1.2Cu/CeAl–CO
catalysts is still uncertain. London and Bell [39] have observed a
band at 2170 cm�1 when CO was adsorbed on CuO/SiO2 at 167 8C,
which is assigned to the vibration of CO–Cu+ species. However,
Amara et al. [40] have detected this band over the same catalyst at
room temperature, and attributed it to the vibration of CO–Cu2+

species. Additionally, Hierl et al. [33] have observed the same band
ore and after CO treatment. Adsorption temperatures are shown.
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when CO was adsorbed on CuO/g-Al2O3; it was assigned to the
vibration of CO–Cu+ species. Fu et al. [41] have also observed this
band when CO was adsorbed over the CuO/g-Al2O3 catalyst but
only at �150 8C, and it was attributed to the vibration of CO–Cu2+

species. From Fig. 6, an interesting phenomenon can be found that
the band at 2170 cm�1 just appears above 150 8C. Furthermore, it
should be pointed out that this band is undetectable in the spectra
of 0.6Cu/CeAl–CO sample. Combining with the above TPR and XPS
results, we conclude that the band at 2170 cm�1 is not the
vibration of CO–Cu+, but it is difficult to attribute it to CO–Cu2+ or
CO–Cu0, because both Cu2+ and Cu0 exist on the catalysts surface.
Moreover, the intensities of the band at �2110 cm�1 decrease
when the band at 2170 cm�1 appears, which means that as the
amount of Cu+ species decreases, the activity of the catalysts also
decreases.

4. Conclusion

The properties and the performance in CO oxidation reaction of
Cu/Ce/Al catalysts before and after CO treatment were investigated
using the results of Cu/Al samples for comparison. For the fresh
samples, XPS results indicate that ceria modification leads to the
Cu+ species formation in Cu/CeAl catalysts, that there is a
Ce3+ + Cu2+$ Ce4+ + Cu+ redox system, and that the activities
are improved compared with the Cu/Al catalysts. For the CO-
treated samples, TPR and XPS results indicate that CO pretreatment
at 250 8C results in the reduction of crystalline CuO to Cu0 and
dispersed Cu2+ species reduce not only partially to Cu+ like that of
Cu/Al sample but also partially to Cu0. This means that the amount
of dispersed copper oxide species in Cu/CeAl–CO catalyst is less
than that in Cu/CeAl sample at the same copper oxide loading.
Because the dispersed copper oxide species are the main active
components and because the Cu+ species play a significant role in
CO oxidation reaction, the catalytic activity values decrease over
the CO-treated Cu/CeAl catalysts at the operation temperatures of
200 8C and below. Additionally, XPS results indicate that there is a
Ce3+ + Cu+$ Ce4+ + Cu0 redox system in Cu/CeAl–CO sample. This
system also shows the modification of CeO2 make the Cu0 form
more easily compared to that of without CeO2-modified Cu/Al
catalysts. Thus the activities decrease after treating the Cu/CeAl
samples with CO. Moreover, CO-IR results indicate that a new band
at 2170 cm�1 appears in the spectra of Cu/CeAl–CO sample,
corresponding to the vibration of CO molecule adsorbed on copper
species (i.e., Cu2+ or Cu0). This result also shows that CeO2

modification results in the decrease of the amount of the dispersed
copper oxide in Cu/Al catalysts during the CO treating process.
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