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Abstract−Copper-ceria catalysts for CO oxidation supported on 4A, 5A, NaX and NaY zeolites were prepared by
incipient wetness impregnation and excess-solution impregnation. Catalysts were characterized by SEM, EDX, XRD, N2
adsorption-desorption, H2-TPR and XPS. Results revealed that the catalysts were greatly affected by zeolites and prepa-
ration method. EDX results indicated the metal loading of 4A-ES (5.1 wt% Cu, 15.7 wt% Ce), 5A-ES (5.9 wt% Cu,
19.2% Ce), NaX-ES (11.7 wt% Cu, 4.2 wt% Ce) and NaY-ES (11.0 wt% Cu, 7.9 wt% Ce) greatly varied. TPR results sug-
gested that the peak at around 195 oC was presented in NaX-ES and 4A-IW, standing for dispersed copper species that
is very active for CO oxidation. The catalytic activity of 4A-ES and NaX-ES was the best among catalysts made by
excess-solution impregnation, demonstrated by the lowest T50 at 127 and 129 oC, respectively. The catalytic activity of
catalysts made by incipient wetness impregnation was worse than that of catalysts made by excess-solution impregna-
tion, examined by the T50 of 4A-IW and NaX-IW at 128 and 192 oC, respectively.
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INTRODUCTION

The catalytic oxidation of CO has received much attention owing
to its environmental application, including the removal of trace
quantities of CO from enclosed atmospheres such as indoor park-
ing, submarine and space crafts. CO oxidation has been carried
out over noble metal catalysts [1-3] and transition metal catalysts
[4,5]. Among the transition metal catalysts, copper-ceria catalysts
have demonstrated promising characteristics toward CO oxidation
[6-9]. Furthermore, the catalytic activity of catalysts significantly
depends on the contacting efficiency, in which the support and
the preparation method play crucial roles.

Various supports have been developed for catalysts including
alumina [10], silica [11], glass fibers [12] and zeolites [2,13,14]. Zeo-
lites offer large surface area, uniform pore structure and special
characteristic, and thereby are considered as preferred supports.
Hiroshi [15] made Pt-loaded catalysts on 4A, NaX and mordenite
zeolite for CO selective oxidation from hydrogen-rich fuels and
found that the Pt-loaded mordenite show highest selectivity and
conversion. Kolobova [16] prepared Ag/ZSM-5 zeolite catalysts for
CO oxidation and found these catalysts had good reproducibility
and stability. Lin [2] synthesized Au/NaY zeolite-supported cata-
lyst for CO oxidation. Among zeolites, LTA (4A, 5A) and FAU
(NaX, NaY) zeolites have been widely used as supports for cata-
lysts [17-20] owing to the high thermal stability, large surface area
and shape selectivity. However, the copper-ceria catalysts for CO
oxidation supported on LTA and FAU zeolites have not been pre-

pared. The effects of zeolite support on the characteristics of cata-
lysts had not been systematically investigated either. Moreover, the
structural, morphological and catalytic properties of copper-ceria
catalysts are greatly affected by preparation method. Convention-
ally, incipient wetness impregnation is frequently used to prepare
the supported catalysts. Bowker [21], Junges [22] and Soares [23]
prepared supported catalysts for CO oxidation using incipient wet-
ness impregnation. However, the active metal species could not be
uniformly distributed due to capillary action in incipient wetness
impregnation. In contrast, for excess-solution impregnation, diffu-
sion is the main force dispersing active metal precursors, leading
to well-dispersed metal species.

The aim of this work was to compare the catalytic activity of
CO on the copper-ceria catalysts supported on different zeolites.
Then, the effects of excess-solution impregnation and incipient wet-
ness impregnation on the properties of catalysts were also explored.

EXPERIMENTAL

1. Materials
Cu(NO3)2·3H2O (≥99.0%, Guangzhou Chemical Reagent Fac-

tory); Ce(NO3)3·6H2O (≥99.0%, Tianjin Kermel Reagent Co., Ltd.);
4A zeolite (250-425μm, Tianjin Kermel Reagent Co., Ltd.); 5A
zeolite (250-425μm, Tianjin Kermel Reagent Co., Ltd.); NaX zeo-
lite (250-425μm, Anhui Mingmei Co., Ltd.); NaY zeolite (250-425
μm, Pingxiang Xintao Co., Ltd.); CO/Air mixture (180ppm, Guang-
zhou Zhuozheng Air Co., Ltd.).
2. Preparation of Catalysts

The catalysts were prepared using excess-solution impregnation
and incipient wetness impregnation. Zeolites were pretreated at
300 oC for 2 h in air to remove any adsorbed moisture. In the case
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of excess-solution impregnation, 22.0 g Ce(NO3)3·6H2O and 7.0 g
Cu(NO3)2·3H2O were dissolved into 90.0 mL deionized water. 5 g
zeolites were added into the solution under vigorous stirring (10
min) and further impregnated for 12 h at room temperature. Then,
the catalyst precursors were filtered and dried at 150 oC for 2 h.
For incipient wetness impregnation, the calculated amount of
Ce(NO3)3·6H2O and Cu(NO3)2·3H2O according to the EDX results
was dissolved in a certain amount of deionized water, which was
fully soaked by 5 g zeolites. For example, to prepare 4A zeolite-sup-
ported catalyst by incipient wetness impregnation, 1.30 g Cu(NO3)2·
3H2O and 3.27 g Ce(NO3)3·6H2O were dissolved in 7.00 g deion-
ized water in order to be absorbed by 5 g 4A zeolite. To prepare
NaX zeolite-supported catalyst, 2.77 g Cu(NO3)2·3H2O and 0.81 g
Ce(NO3)3·6H2O were dissolved in 7.30 g deionized water to be ab-
sorbed by 5 g NaX zeolite. For example, to prepare 4A zeolite-sup-
ported catalyst by incipient wetness impregnation, 1.30 g Cu(NO3)2·
3H2O and 3.27 g Ce(NO3)3·6H2O were dissolved in 7.00 g deion-
ized water in order to be absorbed by 5 g 4A zeolite. To prepare
NaX zeolite-supported catalyst, 2.77 g Cu(NO3)2·3H2O and 0.81 g
Ce(NO3)3·6H2O were dissolved in 7.30 g deionized water to be
absorbed by 5 g NaX zeolite. Then, the catalyst precursors were
placed at room temperature for 12 h. Finally, all as-prepared pre-
cursors were dried at 150 oC for 2 h and calcined at 400 oC in air
for 2 h. Catalysts supported on the specific zeolite prepared by
excess-solution impregnation or incipient wetness impregnation
were denoted as zeolite type-ES or -IW, respectively. For instance,
4A-ES stands for the catalysts supported on 4A zeolite by excess-
solution impregnation.
3. Characterization

X-ray diffraction patterns of samples were obtained on a D8
Advance (Bruker Co.) diffractometer using Cu Kα radiation (40
kV, 40 mA). The specific surface area and pore size distribution of
samples were measured using ASAP 2020 analyzer (Micromerit-
ics) at 77 K. The morphology and chemical composition of sam-
ples were determined using a MERLIN scanning electron micro-
scope Gemini (Zeiss Co.) equipped with an energy dispersive X-
ray spectrometer (EDX) coupled with the microscope chamber.
H2-Temperature programmed reduction tests were conducted on
Quantachrome automated chemisorption analyzer by heating the
sample in H2 (10 vol%)/Air flow (30 mL·min−1) at a heating rate of
10 oC·min−1 from room temperature to 700 oC. The binding energy
of each element including Cu, Ce and O was analyzed using Al
Kα (1486.6 eV) at 4.5 W. by X-ray photoelectron spectroscopy
(XPS; PHI-X-tool, ULVAC-Phi Inc.).
4. Catalytic Activity Tests

The catalytic tests were performed in a fixed bed reactor with a
stainless steel tube (10 mm i.d., 450 mm length) at atmospheric pres-
sure. The tests were carried out under temperature-programmed
condition. The temperature was automatically monitored with E-
type thermocouples along the fixed bed. In each test, samples were
filled into the reactor with the bed height of 10 mm. The gas mix-
ture consisting of 180 ppm CO/Air was passed through the fixed
bed at the flow rate of 100 mL·min−1. A typical gas hourly space
velocity (GHSV) was 7,643 h−1. The outlet concentration of CO
was determined by infrared gas analyzer (QGS-08B, Baif-Maihak
Co.). The CO conversion was calculated based on the outlet con-

centration of CO.

where CCO represents the CO conversion, COin and COout is the
inlet and outlet CO concentrations.

RESULTS AND DISCUSSION

1. Different Zeolite Supports
The catalytic performance of 4A-ES, 5A-ES, NaX-ES and NaY-

ES was carried out to compare the zeolite supports on which the
catalysts made by excess-solution impregnation showed best cata-
lytic activity for the further investigation of the differences between
excess-solution impregnation and incipient wetness impregnation.
The result is shown in Fig. 1. The catalytic activity of zeolite sup-
ported copper-ceria catalysts increases in the order of 5A-ES<
NaY-ES<NaX-ES≈4A-ES. 4A-ES and NaX-ES show the best cata-
lytic performance. The 50% CO conversion was only 127 oC for
4A-ES and 129 oC for NaX-ES, while it was 160 and 166 oC for
NaY-ES and 5A-ES. The 90% CO conversion could be reached at
200 oC for all catalysts except 5A-ES. Therefore, 4A and NaX zeo-
lites were chosen to be the supports for 4A-IW and NaX-IW, which
were to be made by incipient wetness impregnation. The metal
loading of 4A-IW and NaX-IW was adjusted to be the same as
4A-ES and NaX-ES to investigate the differences between excess-
solution impregnation and incipient wetness impregnation on the
properties of catalysts.
2. Composition and Morphology

EDX and SEM were used to determine the chemical composi-
tion and morphology of the catalysts. Fig. 2 shows the elemental
distribution of the catalysts. It can be seen that the peaks of Si, Al,
O, Na, Cu and Ce were identified in all catalysts. The specific load-
ing of Cu, Ce of the catalysts is shown in Table 1. The quantitative
analysis indicated that the metal loadings on these catalysts greatly
varied when using excess-solution impregnation. For 4A-ES and

CCO = 
COin − COout

COin
------------------------------ 100%×

Fig. 1. Catalytic activity of catalysts made by excess-solution impreg-
nation.
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5A-ES, the loading of Cu (5.1, 5.9 wt%) was much lower than that
of Ce (15.7, 19.2 wt%). In contrast, the loading of Cu (11.7, 11.0
wt%) was much higher than that of Ce (4.2, 7.9 wt%) for NaX-ES
and NaY-ES. In excess-solution impregnation, the zeolite support
and active metal cations contacted long enough to reach adsorp-
tion equilibrium, indicating the metal loadings were in the maxi-
mum amount. In excess-solution impregnation, the experimental
variables—solution volume, metal concentration, impregnation dura-
tion, zeolite weight, zeolite size—were kept the same expect the zeo-

lite type. As a result, a plausible explanation could be that zeolite
type could be responsible for the different metal loading. A few
studies have pointed out that the different zeolites have varied ad-
sorption capacity towards metal ions [24-26]. Moreover, according
to Hegazy [26], pure zeolite A showed a non-selective behavior
while zeolite X was highly selective for Cu2+, which justified the result
of metal content that 4A-ES had less copper species and NaY-ES,
which had the similar framework to zeolite X, had more copper
species.

As can be seen in Table 1, the metal loading of the catalysts using
incipient wetness impregnation was similar to that of catalysts made
by excess-solution impregnation. 4A-ES had 5.1 wt% Cu and
15.7 wt% Ce, while 4A-IW had 6.3 wt% Cu and 17.1 wt% Ce. For
NaX-ES and NaX-IW, the Cu and Ce loadings were 11.7 wt%,
10.8wt% and 4.2wt% and 5.6wt%, respectively. Therefore, the com-
parison between the excess-solution and incipient wetness impreg-
nation was believed to be reasonable since the metal loadings of
sample were kept almost the same.

The SEM images of all catalysts are displayed in Fig. 3, which
illustrates that all catalysts had the crystalline structure of the cor-
responding zeolite supports. In Fig. 3(a), (b) and (e), the cubic

Fig. 2. EDX images of catalysts: (a) 4A-ES, (b) 4A-IW, (c) NaX-ES, (d) NaX-IW, (e) 5A-ES and (f) NaY-ES.

Table 1. Metal content of catalysts

Catalyst
Metal content (wt%)

Cu Ce
4A-ES 05.1 15.7
4A-IW 06.3 17.1
5A-ES 05.9 19.2
NaX-ES 11.7 04.2
NaX-IW 10.8 05.6
NaY-ES 11.0 07.9
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crystals of LTA are observed. In contrast, the faujasite structures in
Fig. 3(c), (d) and (f) are not clear enough, especially for the NaY-
ES because the crystal size is smaller than those of NaX-ES and
NaX-IW. For all catalysts, the amorphous metal oxides are attached
on the surface of zeolite crystal. In the case of catalysts made by
excess-solution impregnation, the metal oxide distribution is rela-
tively uniform, though some small clusters can be seen in all sam-
ples. Meanwhile, in Fig. 3(b), more metal clusters are attached on
the surface of LTA crystal in 4A-IW in comparison with 4A-ES.
Most metal clusters are in the range of 0.1-0.3μm and are ran-
domly dispersed on the surface of zeolite crystal, which might be
preferred active sites because they can contact with CO molecules
without intraparticle mass transfer resistance. Besides, in Fig. 3(d),
some fragments of metal oxides appear on the surface of NaX-IW,
while they can barely be seen on the NaX-ES. It can be concluded

that the metal oxides are likely to be unevenly distributed by using
incipient wetness impregnation.
3. XRD Patterns

XRD was used to analyze the crystallite phase of samples. XRD
patterns of zeolites and catalysts are shown in Fig. 4. All XRD pat-
terns of catalysts made by excess-solution presented the diffrac-
tion peaks matched with the patterns of corresponding zeolites,
indicating the primary crystal structures of zeolites were preserved
in catalysts. Meanwhile, we note that many primary peaks of zeo-
lites in the corresponding catalysts were weakened. Some of them
became unobservable. This might be because zeolite structures
lose some crystallinity after ion exchange, which is likely to hap-
pen during the excess-solution impregnation. The diffraction peaks
of tenorite copper oxide phase at 35.6o, 38.8o and 63.1o and those
of cubic fluorite type phase of ceria at 28.5o, 33.0o, 48.7o and 56.6o

Fig. 3. SEM images of catalysts: (a) 4A-ES, (b) 4A-IW, (c) NaX-ES, (d) NaX-IW, (e) 5A-ES and (f) NaY-ES.
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were identified [27]. It can be seen that the peaks of copper oxide
and ceria were more discernible in 4A-ES and 5A-ES than NaX-
ES and NaY-ES, suggesting the distribution of CuO and CeO2 on
4A-ES and 5A-ES was less uniform than NaX-ES and NaY-ES.

A comparison of diffraction peaks between catalysts made by
excess-solution impregnation and incipient wetness impregnation
was also made. Compared with 4A-ES and NaX-ES, the primary
diffraction peaks of zeolites in 4A-IW and NaX-IW were more
discernible, suggesting more crystallinity was preserved after incip-
ient wetness impregnation because ion exchange could hardly take
place as a result of the limited solution and contact time. In addi-
tion, the random distribution of metal species, shown in SEM images
of 4A-IW and NaX-IW in Fig. 3(b) and (d), contributed to the ex-
posure of zeolite surface, which led to the more intense primary
peaks. In contrast with 4A-ES, the diffraction peaks of ceria (28.5o,
33.0o, 48.7o, 56.6o) in 4A-IW were more intense, suggesting the pres-
ence of bulk CeO2. Meanwhile, the peaks of CuO (35.6o, 38.8o, 63.1o)
in 4A-IW, however, were hardly observable. This might be because
CuO particle size is too small to be detected by XRD. It can be
inferred that the metal clusters of 4A-IW shown in Fig. 3(b) could
be the bulk CeO2 covered with CuO species. In comparison, some
peaks of CuO (35.6o, 38.8o) and CeO2 (28.5o) became detectable in
NaX-IW, indicating the presence the relatively large particles of

CuO and CeO2 compared with NaX-ES. It was corresponding with
the fragment presented in Fig. 3(d). It can be concluded that, in
comparison with excess-solution impregnation, the metal species
were relatively unevenly dispersed when incipient wetness impreg-
nation was used.
4. N2 Adsorption-desorption Isotherms

N2 adsorption-desorption isotherms were used to characterize
textural properties of samples. The N2 adsorption-desorption iso-
therms and pore size distribution and BET surface area for zeo-
lites and catalysts are given in Fig. 5 and Table 2, respectively. All
zeolites, except 4A zeolites, possess large BET surface area (>300
m2). The reason why 4A zeolite had less BET surface area is that
the pore openings of 4A zeolite barely adsorb any nitrogen mole-
cules [28,29]. It also explains its low micropore volumes. In com-
parison with zeolites, the corresponding catalysts showed lower BET
surface area, micropore and mesopore volume. This is because the
pores were filled with copper and cerium species during impreg-
nation, which might block pores and therefore reduce BET sur-
face and pore volume. As for the catalysts made by excess-solution
impregnation, the micropore volume of 4A-ES and 5A-ES was
reduced dramatically compared to 4A and 5A zeolites, while there
was only a slight reduction of micropore volume for NaX-ES and
NaY-ES compared to NaX and NaY zeolites. A plausible explana-
tion is that the larger pore size of NaX and NaY zeolites (0.74 nm)

Fig. 4. XRD patterns of samples.
Fig. 5. N2 adsorption-desorption isotherms of samples.
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is capable of holding more copper and cerium oxides than 4A and
5A zeolites, which possess smaller pore size (0.4 and 0.5 nm). It
may also explain the fact that the BET surface area of 5A-ES is
much lower than 5A zeolite. Note that compared with the 4A-ES
and NaX-ES, 4A-IW and NaX-IW had less BET surface area. BET
surface area of 4A-IW was 8 m2·g−1 while that of 4A-ES was 12 m2·
g−1. NaX-IW showed a more drastic decrease of BET surface area -
51 m2·g−1 compared with that of NaX-ES - 365 m2·g−1. The incipi-
ent wetness impregnation also led to the decrease in pore volume,
especially the micropore volume, in comparison with excess-solu-
tion impregnation. This was due to the capillary action, which
draws the solution into pores in incipient wetness impregnation.
The pores were easily blocked by the excess metal species brought
by capillary action [30]. For excess-solution process, diffusion, though
slower, is the main force to load the metal species onto the surface
of support. The metal species are more likely to be dispersed well
rather than randomly gathered [31]. It can be concluded that excess-
solution impregnation contributed to a more uniform metal spe-

cies distribution and larger BET surface and pore volume in con-
trast to incipient wetness impregnation.
5. Temperature-programmed Reduction Performances

The reducibility of catalysts was examined by H2-TPR. The H2-
TPR profiles are shown in Fig. 6. According to the literature [32],
pure CeO2 exhibits two reduction peaks at about 523 and 658 oC,
whereas the pure CuO shows a reduction peak at about 509 oC.
These peaks, however, could not be observed in the catalysts. In
the case of catalysts made by excess-solution impregnation, all the
catalysts show lower reduction temperature, which could be ascribed
to the synergistic interaction between CuO and CeO2. Further, it
can be seen that the reduction property of copper-ceria catalysts is
strongly affected by zeolite supports. Four primary peaks can be
seen in these catalysts. As reported elsewhere [32,33], α peak at
196 oC is attributed to the reduction of highly dispersed CuO on
CeO2, which is more active for CO oxidation; β peaks at 220 and
242 oC represent the reduction of nanometer CuO dispersed on
CeO2. Besides, γ peaks at 275 and 281 oC can be ascribed to the
reduction of Cu(I) species, whereas the presence of δ peak at 436 oC
is a result of reduction of bulk CuO particles. From the results
above, it can be concluded that the dispersed CuO on CeO2 of
NaX-ES contributed to the excellent catalytic performance in CO
oxidation. In addition, the catalysts with β peaks, namely 4A-ES
and NaY-ES, had worse catalytic activity. 5A-ES, which did not
have either α or β peaks, exhibited the worst catalytic activity. It is
interesting that for 4A-ES and NaX-ES, the loading of Cu and Ce
was quite different, but the catalytic activity was similar, though
the catalytic activity of NaX-ES was a little better. This could be
explained by the fact that the Cu/Ce ratio in 4A-ES was similar to
the catalysts with the best catalytic activity [34-36]. It may lead to
the relatively good catalytic performance of 4A-ES. As for NaX-ES,
it had larger BET surface area and pore volume, which facilitates
the catalytic process. Besides, the α peak, which stood for the most
active copper species dispersed on ceria, was examined in NaX-ES
by H2-TPR. Thereby, the large surface area and the active copper
species contributed to the high catalytic activity of NaX-ES.

As for catalysts made by incipient wetness impregnation, two
extra peaks—ε peak at 354 oC and ζ peak at 560 oC—were pre-
sented. According to the literature [14,33], the ε peak is due to a

Table 2. Pore structure properties of samples

Sample
Pore structure properties

Micropore
(cm3·g−1)

Mesopore
(cm3·g−1)

Total volume
(cm3·g−1)

BET surface area
(m2·g−1)

4A zeolite 0.0800 0.053 0.055 020
4A-ES 0.0060 0.049 0.054 012
4A-IW 0.0004 0.040 0.041 008
5A zeolite 0.1500 0.071 0.220 392
5A-ES 0.0350 0.046 0.081 067
NaX zeolite 0.2100 0.110 0.320 410
NaX-ES 0.1900 0.076 0.270 365
NaX-IW 0.0230 0.046 0.069 051
NaY zeolite 0.2100 0.130 0.340 567
NaY-ES 0.1800 0.020 0.200 343

Fig. 6. H2-TPR profiles of catalysts.
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synergy between CeO2 and Cu species; the ζ peak is attributed to
reduction of surface CeO2 species. ζ appeared at both 4A-IW and
NaX-IW, which illustrated the generation of bulk CeO2 caused by
the incipient wetness impregnation. Furthermore, α peak in 4A-
IW could be observed, indicating finely dispersed amorphous and
crystalline CuO species strongly interacting with partial CeO2 reduc-
tion at Cu-Ce interface, which contributed to the catalytic activity.
corresponded Meanwhile, α peak, presented in NaX-ES, could not
be seen in NaX-IW, suggesting the CuO species were more unevenly
distributed on CeO2 than those of NaX-ES. It can be proposed
that zeolite supports have dramatic effects on the reducibility of
catalysts. Also, the catalysts with α peak could exhibit better cata-
lytic activity, as was shown in Fig. 1.
6. X-ray Photoelectron Spectroscopy (XPS)

XPS spectra of Cu 2p, Ce 3d and O1s binding energy of cata-
lysts are shown in Fig. 7. For bulk copper oxides, the peak at 954.1
eV is ascribed to Cu 2p1/2. Besides, the binding energy of Cu
2p3/2 is centered at 932.5 eV for Cu+ of Cu2O, in contrast to 934.1
eV for Cu2+ of CuO with broad shake-up peaks around 940-945 eV
as indicated in Fig. 7(a). As for the copper-ceria system, the reduced
copper species assigned to Cu+ at lower binding energy was identi-
fied as the well-dispersed copper oxide cluster, which strongly
interacts with ceria and therefore was the main active site for CO
oxidation [37]. The Ce 3d XPS spectra of samples are displayed in
Fig. 7(b). These peaks stand for Ce 3d3/2 and Ce 3d5/2, which are
labeled as u and v, respectively. The four intense peaks—v (882.5
eV), u (901.1 eV), v3 (898.3 eV), u3 (916.4 eV) as well as two weaker
components v2 (889.5eV) and u2 (908eV)—could be ascribed to dif-
ferent Ce 4f electron configurations in the final state of Ce4+ spe-
cies. In contrast, v1 (885.7 eV) and u1 (902.9 eV) could as attributed
to one of the two possible electron configurations of the final state
of Ce3+ species [38,39]. The O 1s spectra of catalysts are presented
in Fig. 7(c), where peaks at 531.6 and 532.3 eV are observed. The
peak at around 531.6 eV is characterized as the lattice oxygen of
CeO2 and CuO species, while the one at 532.3eV might be assigned
to the defect oxide or absorbed oxygen with low coordination situ-
ation [32]. All samples present the primary peaks of Cu 2p, Ce 3d
and O 1s, which is in coordination with EDX, XRD and H2-TPR
results, suggesting the co-existence of different Cu, Ce species.
Note that all catalysts exhibit similar XPS spectra, from which the
difference between the catalysts can hardly be distinguished.
7. Catalytic Activity

The catalytic performance of 4A-ES, 4A-IW, NaX-ES and NaX-
IW is shown in Fig. 8. The catalytic activity is quite different among
samples. The catalytic performance of 4A-ES is slightly better than
4A-IW. The 50% CO conversion for 4A-ES and 4A-IW is almost
the same, 127 oC and 129 oC, respectively. The 90% CO conversion
for both 4A-ES and 4A-IW is almost 190 oC, though their XPS,
XRD, N2 adsorption-desorption and TPR profiles are quite differ-
ent. The XPS profiles of 4A-ES and 4A-IW indicate that the same
copper, ceria and oxygen species appear in all samples though the
relative contents vary. The H2-TPR results suggest the α peak in
4A-IW is much more observable than the one in 4A-ES. The sim-
ilar catalytic activity of 4A-ES and 4A-IW could be due to the fact
that 4A-ES has larger BET surface area and pore volume, which
plays an important role in distributing the active species and pro-Fig. 7. XPS spectra of (a) Cu 2p, (b) Ce 3d and (c) O 1s in catalysts.
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moting the catalytic performance. For 4A-IW, although it had less
surface area, the active copper species dispersed on ceria, exam-
ined by H2-TPR results, compensated for the lessened surface area
and randomly distributed metal species. In contrast, the catalytic
performance of NaX-IW was much worse than that of NaX-ES.
The 50% CO conversion for NaX-IW was 192 oC, while that for
NaX-ES was 130 oC. The high catalytic activity of NaX-ES could
be explained by the fact that the relatively large BET surface area
and highly dispersed CuO on CeO2 facilitated the reaction. As for
NaX-IW, the drastic decrease in BET surface area and pore vol-
ume was responsible for the decrease in active sites, leading to low
catalytic activity. Also, the disappearance of α peak, determined by
H2-TPR, also explained the poor catalytic activity of NaX-IW. It
could be concluded that the catalytic activity of catalysts made by
excess-solution impregnation was generally better than that of cat-
alysts made by incipient wetness impregnation.

CONCLUSIONS

The effects of zeolite support and impregnation method on the
catalytic activity of copper-ceria catalysts for CO oxidation have
been studied in this work. The catalytic activity of catalysts made
by excess-solution increases in the order of 5A-ES<NaY-ES<NaX-
ES≈4A-ES. The catalytic activity of catalysts made by incipient wet-
ness impregnation was generally worse than that of catalysts made
by excess-solution impregnation, examined by the T50 of 4A-IW
and NaX-IW at 128 and 192 oC, in comparison with that of 4A-ES
and NaX-ES at 127 and 129 oC, respectively. The high catalytic activ-
ity of NaX-ES could be ascribed to the large surface area of 365 m2

g−1 and the highly dispersed copper species on ceria, as indicated
by α peak at 196 oC in TPR results.
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