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The contribution of (Ce1-XZrX)O2 additives to alumina supports prepared by sol-gel and the catalytic properties of PdO/Al2O3–

(Ce1-XZrX)O2 catalysts (�0.3 wt% Pd, �5 wt% (Ce1-XZrX)O2) in CO oxidation was herein investigated. The addition of (Ce1-

XZrX)O2 to the support enhanced the surface area and decreased the size of Al2O3 particles. The UV–Vis bands of PdO particles

and Pd2+ ions indicate that zirconia in (Ce1-XZrX)O2 promotes palladium-support interactions by forming highly dispersed PdO

particles. Temperature-programmed reduction (TPR) in hydrogen revealed that ceria enhanced the redox capacity of the supports

while zirconia lowered the reduction temperature of palladium oxide species. The comprehensive study revealed that the Ce/Zr

ratio was a key factor influencing the catalytic activity of samples in CO oxidation, because palladium oxide-support interactions

had a significant effect in changing of the reducibility of samples. So, the PdO/Al2O3–(Ce0.5Zr0.5)O2 exhibited the highest catalytic

activity.
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1. Introduction

Three-way catalysts (TWC) actually used for removal
of pollution gases from automobile exhaust contain
noble metals supported on mixed oxides, Pd-only TWC
constitutes a new catalyst generation with improved
performance compared to conventional rhodium-con-
taining technologies due to palladium good resistance to
thermal sintering [1,2]. Since the support plays a key role
in the TWC performance, mixed oxides like alumina–
ceria have been widely studied. Ceria acts as alumina
surface area stabilizer [3] and as oxygen storage capac-
itor (OSC) that operates under atmospheres oscillating
between rich and lean conditions, due to its ability to
undergo easy the Ce3+/Ce4+ redox process [4]. The
OSC is useful to adjust the air/fuel ratio achieving a high
conversion efficiency of pollutants such as CO, hydro-
carbons (HC) and NOX in the TWC [5]. Several studies
have been devoted to ceria-containing materials where
the presence of noble metal particles on the oxide sur-
face promotes the OSC [6,7].

However, ceria suffer the loss of the OSC with
decreasing surface area after exposing to moderate
temperature treatments (above 350�C) [8]. The addition
of zirconia (ZrO2) to ceria (CeO2) leads to a solid
solution formation, which enhances ceria thermal sta-

bility by structural and redox properties modifications
[8,9]. The ceria–zirconia mixed oxides prepared by dif-
ferent techniques like coimpregnation or cogellation
offer a mutual stabilization with the alumina support
[10] and promote the dispersion and catalytic activity of
palladium [11,12]. The preparation method of the sup-
port and the load of zirconia play an integral role in the
catalytic performance of these complex systems. The
aim of this work was to characterize the PdO/Al2O3–
(Ce1-XZrX)O2 catalysts by means of BET, XRD, TEM,
DRS and H2-TPR and examine the influence of the
addition of CeO2 and ZrO2 in the activity for CO oxi-
dation. The catalytic activity was compared in terms of
temperature when 50% of CO is converted to CO2

(T50%).

2. Experimental

2.1. Catalyst preparation

The Al2O3–(Ce1-XZrX)O2 supports (X = 0, 0.25,
0.33, 0.5, 0.67, 0.75, 1) were prepared by the sol-gel
method. Ethanol solutions of cerium (III) acetylaceto-
nate and zirconium (IV) acetylacetonate mixed in
desired proportion were added to the solution of alu-
minum sec-butoxide in hexylenglycol under Ar atmo-
sphere. The resulting sol was stirred and refluxed for 3 h
at 94�C. The hydrolysis was performed by adding
dropwise an appropriate amount of water. In order to
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promote the gelation and aging processes, the resulting
precipitate was maintained at 94�C for 10 h Drying of
the gel for solvent removal involved evaporative drying
in vacuum. The powder obtained was collected and
calcined in flowing N2 at 450�C for 12 h and then in air
at 650�C for 4 h. The total amount of (Ce1-XZrX)O2 in
the supports was 10 wt%. These supports were
impregnated with aqueous solution of palladium chlo-
ride (PdCl2) to achieve a 0.3 wt% metal Pd loading. The
impregnated supports were dried and then re-calcined in
air at 650�C for 4 h to form the PdO/Al2O3–(Ce1-
XZrX)O2 catalysts.

2.2. Catalyst characterization

Chemical analysis of prepared samples by inductive
coupled plasma (ICP) technique was done using Optical
Emission Spectrometer Optima 4300 D. Before analysis
sample was dissolved in sulphuric acid solution (1:1).

Specific surface area values were obtained in a Mi-
cromeritics Gemini 2360 instrument, by physical
adsorption of N2 at ) 196�C, using the BET equation,
The samples were previously treated at 150�C under
flowing Ar for 2 h.

The XRD patterns were recorded in a Philips X-Pert
diffractometer using CuKa radiation operating at 40 kV
and 30 mA, and 2h scanning from 20� to 80�, Crystalline
phases were identified by comparison with ICDD ref-
erence files.

Characterization of the microstructure of catalysts
was performed by high resolution transmission electron
microscopy (HRTEM) in a Jeol 2010 microscope oper-
ating at 200 kV. The typical bright field images did not
revealed the presence of palladium oxide nanoparticles
due to the low concentration of metal (� 0.3 wt% Pd),
only by means of dark field images some PdO small
particles were observed. The dark field images were
obtained by selecting diffraction rings containing spots
of palladium oxide and alumina. The samples were
ground with a mullite mortar and were ultrasonically
dispersed in isopropyl alcohol. A drop of suspension
was air-dried on a carbon-coated electron microscope
grid for examination.

UV–Vis diffuse reflectance spectra of catalysts in
powder form packed in a quartz cell were recorded
within the wavelength range 190–850 nm using a Varian
Cary 300 Scan spectrometer.

Temperature-programmed reduction by hydrogen
was used to get information about palladium oxide
species and to monitor the reducibility of the supports
and catalysts. The H2-TPR spectra were recorded using
Altamira-Ml equipment. About 0.5 g of sample was
heated at 20�C/min from 25 to 550�C in flowing H2/Ar
mixture (10/190). The amount of H2 consumed for the
reduction of oxide species was measured by a thermal
conductivity detector (TCD) and estimated from the
integration of profiles obtained.

2.3. Catalytic test of CO oxidation

About 0.075 g of sample was packed between two
layers of glass wool in a fixed bed glass U-tube reactor
(i.d. 4 mm). A mixture of UHP grade of 1% CO + 1%
O2 (helium balance) at 40 ml/min was used and con-
trolled with mass flow controllers. Catalysts were pre-
oxidized in situin O2 flow at 550�C for 1 h, cooled at the
same atmosphere and purged by helium at room tem-
perature. During catalytic test the temperature was
increased from 25 to 250�C at 2�C/min. Reagents and
products were analyzed by gas chromatography with a
SRI instrument 8610C equipped with a TCD detector
and two columns of molecular sieve and silica-gel,
operating at 100�C. The results were presented in terms
of "light-off" curves of CO conversion versus tempera-
ture.

The CO oxidation was carried out on two series of
catalysts, where first series refers to fresh samples after
oxidation treatment in O2 flow at 550�C for 1 h, Second
series corresponds to redox catalysts exposed to two
cycles of reduction in H2/Ar (10/90) flow with temper-
ature increase at 20�C/min from 25 to 550�C and
intermediate re-oxidation of samples in O2 flow at 550�C
for 1 h.

3. Results and discussion

3.1. BET surface area and chemical analysis

The BET surface area of the c-alumina was increased
over 20 m2/g by adding of the CeO2, ZrO2 or (Ce1-
XZrX)O2 oxides (table 1). The second treatment at
650�C after impregnation of Pd leading to the PdO/
Al2O3–(Ce1-XZrX)O2 catalysts caused a decrease of the
BET surface area compared to the supports; the three
samples in the middle Ce–Zr range composition
(X = 0.33, 0.5 and 0.66) were less affected by this
treatment (table 1). The sol-gel method used in this
work developed catalysts with higher surface area
(�270 m2/g) compared to materials prepared by coim-
pregnation (�150 m2/g) [10] or microemulsion
(�180 m2/g) [13] methods. Since the OSC is strongly
dependent on textural properties and a high surface area
is required in obtaining materials with high OSC [8] the
sol-gel method is very promising for such a purpose.

The data of chemical analysis of prepared samples are
summarized in table 2. The ICP analysis revealed that
Ce, and Zr concentrations were lower than the nominal
values used for preparation. The Ce and Zr loadings
determined experimentally were situated in the range
from 51 to 57 % and from 74 to 83 % of their nominal
values of composition, respectively. These results indi-
cate that the process, of hydrolysis of organic precursors
during the sol-gel preparation of Al2O3–(Ce1-XZrX)O2

could be not fully accomplished, particularly for the case
of Ce.
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The concentration of Pd determined by ICP was
identical to the nominal value only for the case of Pd/
Al2O3. All other catalysts showed lower concentrations
(�0.2 wt%). This could be attributed to a decrease of
acid sites situated on the surface of alumina by effect of
the Ce and Zr additives. Addition of zirconia by
impregnation decreases the acid sites of alumina as
reported in [14].

3.2. X-ray diffraction

The XRD patterns (figure 1) revealed peaks of the
typical c-alumina structure (JCPDS; 29-0063) for all the
catalysts indicating that addition of (Ce1-XZrX)O2 do not
affected its spinel structure. The calculation of alumina
particle size in the catalysts by the Scherrer equation
using analytical powder diffraction software (PC-APD)
over the most intense signal (440) of c-alumina at 66.7�
with a standard width of 0.8, indicated that it was slightly
reduced from 4.7 to less than 4 nm due to the presence of
the ceria–zirconia mixed oxides (table 1). Hence, for
most of the catalysts it could be concluded that (Ce1-
XZrX)O2 mixed oxide is present like nano-crystallites
which size is below the XRD detection limits.

The PdO/Al2O3–(Ce0.75Zr0.25)O2 catalysts developed
two weak peaks resolved at 2h = 29.2� and 57.3�

Table 1

Surface area of supports measured by BET and particle size of alumina (nm) obtained by Scherrer equation using analytical powder diffraction

software (PC-APD)

Sample BET (m2/g) Alumina average particle size (nm)a

Support Catalystb Support Catalystb

Al2O3–CeO2 271 246 3.9 4.1

Al2O3–(Ce0.75Zr0.25)O2 280 253 3.7 4.0

Al2O3–(Ce0.67Zr0.33)O2 277 260 3.7 4.0

Al2O3–(Ce0.5Zr0.5)O2 261 246 3.9 4.1

Al2O3–(Ce0.33Zr0.67)O2 270 253 3.8 3.9

Al2O3–(Ce0.25Zr0.75)O2 283 257 3.7 3.8

Al2O3–ZrO2 267 249 3.8 4.1

Al2O3 239 213 4.5 4.7

aAverage particle size determined over the most intense XRD signal (440) of the c-alumina at 66.7�. b0.3 wt % Pd = 28 lmol Pd/g of catalysts.

Table 2

Analysis of Pd, Ce and Zr contents by ICP

Catalyst (O.3 wt% Pd) Experimental

Pd content (wt %)

Nominal Ce

content (wt %)

Experimental Ce

content (wt %)

Nominal Zr

content (wt %)

Experimental Zr

content (wt %)

PdO/Al2O3–CeO2 0.2 8.12 4.45 0.0 <0.007

PdO/Al2O3–(Ce0.75Zr0.25)O2 0.2 6.09 3.42 1.84 1.45

PdO/Al2O3–(Ce0.67Zr0.33)O2 0.24 5.44 3.09 2.42 2.03

PdO/Al2O3–(Ce0.5Zr0.5)O2 0.19 4.05 2.27 3.68 2.84

PdO/Al2O3–(Ce0.33Zr0.67)O2 0.2 2.67 1.37 4.95 3.68

PdO/Al2O3–(Ce0.25Zr0.75)O2 0.2 2.03 1.07 5.52 4.12

PdO/Al2O3–ZrO2 0.18 0.0 <0.006 7.38 5.5.

PdO/Al2O3 0.29 0.0 <0.006 0.0 <0.006

Figure 1. X-Ray diffractograms of (a) PdO/Al2O3–CeO2, (b) PdO/

Al2O3–(Ce0.75Zr0.25)O2, (c) PdO/Al2O3–(Ce0.67Zr0.33)O2, (d) PdO/

Al2O3–(Ce0.5Zr0.5)O2, (e) PdO/Al2O3–(Ce0.33Zr0.67)O2 (f) PdO/Al2O3–

(Ce0.25Zr0.75)O2, (g) PdO/Al2O3–ZrO2, (h) PdO/Al2O3. Solid lines

indicate c-alumina peak positions and dotted lines indicate Ce0.75Z-

r0.25O2 mixed oxide peak positions.
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(figure 1, curve b) which were assigned to the most
intense peaks of the Ce0.75Zr0.25O2 cubic mixed oxide
{2h = 28.87� (111) and 2h = 57.012� (311), (JCPDS;
28-0271)}. The shift of the (111) peak of pure cubic CeO2

{2h = 28.5� (JCPDS; 34-0394)} to higher angles by
zirconia loading in this sample indicates the formation of
a (Ce1-XZrX)O2 mixed oxide solution [10]. Evidence of
palladium, cerium and zirconium oxides was not pro-
vided in the rest of the catalysts by this technique,
indicating that they were well dispersed in the alumina.

3.3. Transmission electron microscopy

The ED patterns and dark field transmission electron
micrographs of catalysts Pd/Al2O3–CeO2, Pd/Al2O3–
(Ce0.25Zr0.75)O2 and Pd/Al2O3–ZrO2 appear in figure 2.
The rings observed in the ED patterns were indexed as
corresponding to the c-Al2O3 phase according to data
from. the X-ray Powder Data File, card No, 10–0425.
The reflections (222), (400), (440), and (444) were clearly
identified, other reflections were diffuse. Most of rings
were broad, which suggests the presence of poorly
crystallized or very small crystals of c-Al2O3 phase.
Nevertheless, figure 2e shows a diffraction pattern with
spots assigned to the c-Al2O3 phase, indicating that
relatively large alumina crystal can also be formed in

some cases. The dark field micrographs of those cata-
lysts present small crystallites of alumina and some
small nanoparticles of palladium oxide identified by its
rounded form. The particle size of PdO was about 6 nm
for PdO/Al2O3–CeO2, it decreased to 3.3 nm for PdO/
Al2O3–(Ce0.25Zr0.75)O2 and finally it increased a, little
for PdO/Al2O3–ZrO2 (4.5 nm). These results show that
the smaller particle sizes of PdO were obtained for cat-
alysts deposited in alumina containing (Ce1-XZrX)O2.

3.4. UV–Vis diffuse reflectance spectroscopy

The UV–Vis absorption spectra of the Al2O3–(Ce1-
XZrX)O2 and PdO/Al2O3–(Ce1-XZrX)O2 samples are
shown in figure 3A and B, respectively. Pure alumina
(figure 3A, curve h) showed a structure-less absorption
in UV with a weak band at �260 nm, likely due to high
concentration of defects in sol-gel material. In the case
of the Al2O3–ZrO2 sample the spectrum revealed two
weak UV absorption bands at �205 and �260 nm,
which are typical features of pure zirconia [15]. All ceria-
containing samples presented an absorption edge in the
near-UV region and the position slightly depended on
the Ce/Zr ratio and on the presence of PdO (figure 3B).
The Al2O3–CeO2 sample presented a band gap energy of
3.13 eV (figure 4A), which is in agreement with the

Figure 2. Electron diffraction patterns and dark field transmission electron micrographs from samples (a, d) PdO/Al2O3–CeO2, (b, e) PdO/

Al2O3–(Ce0.25Zr0.75)O2, (c, f) PdO/Al2O3–ZrO2.
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band-gap energy Ei value of CeO2 thin film, reported to
be 3.10 eV [16,17]. After addition of zirconia the band
gap shifted down to 2.96 eV for the Al2O3–
(Ce0.75Zr0.25)O2 sample and further it gradually shifted
up with increase of the zirconia content. Addition of
PdO caused a blue shift of the band gap energy for all
samples, while keeping the tendency due to the increase
of zirconia loading (figure 4B), Indeed, the effect of
palladium oxide was much more pronounced than the
effect of zirconia indicating that it can interact strongly
with Ce–Zr oxides changing its electronic structure.

The PdO catalysts (figure 3B) supported on Al2O3

and Al2O3–ZrO2 exhibit a clear absorption band
between 400 and 500 nm assigned to Pd2+ ions and
attributed to d–d transitions [18]. For ceria catalysts this
band was partially masked by the absorption edge.
Other two weak absorption bands associated to PdO
and Pd2+ charge transfer [19] were observed at 224 and
283 nm (figure 5). Rise of zirconia concentration in
(CeXZr1-X)O2 increased the intensity of absorption
bands of PdO particles and Pd2+ ions. Thus, zirconia
promotes the palladium-support interactions by forming
highly dispersed PdO particles.

3.5. Thermal programmed reduction in hydrogen
(H2-TPR)

Figure 6A and B present the H2-TPR profiles of
supports and palladium oxide catalysts, respectively.

The TPR profile of the ceria-containing supports (fig-
ure 6A) show a broad reduction peak about 430–450�C,
which is indicative of the reduction of CeO2 to Ce2O3 in
agreement with previous reports [20,21] The use of sol-
gel method had an effect in lowering of the reduction
temperature of CeO2 from 497�C [20,21] to 450 �C. The
addition of Zr in the mixed Al2O3–(Ce1-XZrX)O2 oxides
lead to an additional shift of peak maxima to � 430�C.
So, the reducibility of the supports is strongly dependent
on the method of ceria loading and the addition of Zr.

The addition of palladium oxide dramatically chan-
ged the redox behavior of the samples. The TPR of the
palladium oxide catalyst on alumina–ceria (figure 6B)
show an intensive low-temperature peak at 180�C and a
less intensive one at 340�C, similarly to other reported in
[22]. The low temperature peak commonly exceeded the
amount of hydrogen required to reduce the palladium
oxide phase only indicating that Ce4+ species sur-
rounding palladium particles are reduced too. It is
suggested that palladium particles formed by reduction
of PdO, in turn improve the reducibility of the supports
as reported in Pd catalysts over ceria-containing sup-
ports [23]. The weak peak at high temperature (�
400 �C) was assigned to the reduction of surface PdO
complexes, which are more stable against reduction due
to their strong interaction with the support [24], Then,
palladium-support interactions have an effect in the
significant lowering of the reduction temperature of
supports [11].

The addition of zirconia to ceria led to the appear-
ance and development of a new peak at � 100 �C which
could be assigned to the reduction of bulk PdO particles
which are not interacting with the support and that are
reduced at lower temperatures as in the case of catalysts
of palladium oxide on alumina [25].

The varying of support composition led to different
palladium oxide species, which are reduced at different
temperatures. It is suggested that palladium-support
interactions are enhanced by the sol-gel preparation
method and controlled by the Ce/Zr ratio. It was
observed that the peaks for NO reduction were wider
than those of other Pd catalysts prepared by different
methods [11]. This is attributed to a larger interaction of

Figure 3. UV–Vis diffuse reflectance spectra for: (A) supports and (B)

PdO-catalysts; denomination of samples corresponds to support

compositions: (a)Al2O3–CeO2, (b)Al2O3–(Ce0.75Zr0.25)O2, (C)Al2O3–

(Ce0.67Zr0.33)O2, (d)Al2O3–(Ce0.5Zr0.5)O2, (e)Al2O3–(Ce0.33Zr0.67)O2,

(f)Al2O3–(Ce0.25Zr0.75)O2, (g)Al2O3–ZrO2, (h)Al2O3.

Figure 4. Dependence of band gap energy on Ce/Zr additive com-

position for supports (A); and palladium oxide catalysts (B).
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PdO with highly dispersed phases of Ce–Zr in alumina
obtained by the sol-gel method.

The data of the H2 uptake during TPR runs for
supports and catalysts are summarized in table 3. The
hydrogen uptake measured for the supports increases
proportionally to the ceria content. Estimation of
hydrogen uptake permits to conclude that only about
40% of ceria could be reduced from Ce4+ to Ce3+ in
TPR runs probably due to diffusion limitations. The
alumina support was not reduced; meanwhile the zir-
conia–alumina support was only very slightly reduced.
Consumption of hydrogen seems to proceed due to
reaction of some organic residuals in this sample with
hydrogen. The hydrogen uptake for the palladium sup-
ported catalysts increases as a function of ceria content
and goes through a maximum at X = 0.25. Such
enhanced reducibility of the catalyst with X = 0.25 is
attributed to the formation of (Ce0.75–Zr0.25)O2 crys-
talline phase detected by X-ray diffraction. Besides, it
results in a clear influence of zirconia in the redox
behavior of the systems studied.

The fraction of reduced PdO can be estimated from
the TPR experiments by taking into account the differ-
ence between hydrogen uptakes of catalysts and sup-
ports (table 3). For catalysts PdO/Al2O3, PdO/Al2O3–
ZrO2 and PdO/Al2O3–(CeX–Zr1-X)O2 with X = 0.75,
0.67 and 0.25, it was estimated that PdO was totally
reduced during the TPR experiment (100% reduction).

For catalysts PdO/Al2O3–(CeX–Zr1-X)O2 with X = 0.5
and 0.33, the estimated fraction of reduced PdO was
�75–80%, indicating that hard-to-reduce species were
formed in that intermediate range of composition. The
lower amount of reduced PdO (30% reduction) was
observed for the PdO/Al2O3–CeO2 catalyst, neverthe-
less, in this case uncertainty arises in the calculation
because the TPR profile of the support remained very
high from baseline indicating that CeO2 species reduced
at high temperature still remained to be taken into
account at the end of the experiment, It implies that
estimations for this sample characterizing with so wide
peaks in TPR profiles can not be correct enough.

The TPR experiments lead to conclude that for all
catalyst except PdO/Al2O3–CeO2 most of PdO species
were reduced in presence of hydrogen in the temperature
range from 70 to 550�C. Indeed, for catalysts PdO/
Al2O3–(CeX–Zr1-X)O2 with X = 0.5 and 0.33, some
hard-to-reduce PdO species were formed.

3.6. CO oxidation

Figure 7 shows light-off curves for fresh catalysts
displaying the gradual increase of CO conversion from
room temperature to 150 �C for all ceria containing

Figure 5. Diffuse reflectance spectra demonstrates gradual develop-

ment of PdO bands while zirconia loading is increased. Curves are

shifted for clarity. Catalysts composition (from top to bottom): (a)

PdO/Al2O3–CeO2, (b) PdO/Al2O3–(Ce0.75Zr0.25)O2, (c) PdO/Al2O3–

(Ce0.67Zr0.33)O2, (d) PdO/Al2O3–(Ce0.5Zr0.5)O2, (e) PdO/Al2O3–

(Ce0.33Zr0.67)O2, (f) PdO/Al2O3–(Ce0.25Zr0.75)O2, (g) PdO/Al2O3–ZrO2,

(h) PdO/Al2O3.

Figure 6. TPR profiles for: (A) supports and (B) PdO-catalysts;

denomination of samples corresponds to support compositions: (a)

Al2O3–CeO2, (b) Al2O3–(Ce0.75Zr0.25)O2, (c) Al2O3–(Ce0.67Zr0.33)O2,

(d) Al2O3–(Ce0.5Zr0.5)O2, (e) Al2O3–(Ce0.33Zr0.67)O2, (f) Al2O3–

(Ce0.25Zr0.75)O2, (g) Al2O3–ZrO2, (h) Al2O3.
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catalysts and revealing its beneficial effect. The best
catalysts were those situated around middle of the Ce–
Zr composition range with a T50% of CO conversion at
100�C. The PdO/Al2O3–ZrO2 and PdO/Al2O3 catalysts
presented the lowest activity with CO oxidation starting
at 75 �C. Indeed all catalysts reached 100% of conver-
sion before 200�C, The ceria–zirconia additive enhanced
the activity of PdO/Al2O3–(CeX–Zr1-X)O2 catalysts,
compared with those based on individual oxide sup-
ports. These catalysts containing ceria besides of
exhibiting high catalytic activity also presented similar
behavior with temperature. It has been reported that
ceria plays a key role in CO oxidation by supplying
oxygen to the Pd–Ce interface [26]. The highest CO
conversion achieved with catalysts PdO/Al2O3–
(Ce0.5Zr0.5)O2, PdO/Al2O3–(Ce0.33Zr0.67)O2 and PdO/
Al2O3–(Ce0.75Zr0.25)O2 correlates with the highest oxy-
gen mobility for Ce–Zr system with similar composition
reported in reference [27].

The redox pretreatment slightly modified catalytic
properties of catalysts in CO oxidation, as shown in
figure 8, In the case of PdO/Al2O3–CeO2 and PdO/
Al2O3 the catalytic activity was diminished, on the other

hand, PdO/Al2O3–(Ce0.5Zr0.5)O2 and PdO/Al2O3–
(Ce0.33Zr0.67)O2 catalysts increased their activity by
achieving T50% of CO conversion at 92 instead of 100�C.
The redox PdO/Al2O3 catalysts exhibited the lowest
activity. The light-off profiles of redox catalysts was very
similar to those of fresh catalysts and manifested the
same tendency with respect to Ce/Zr ratio, except that
some of them were shifted to lower temperatures. This
behavior indicates that the same palladium state is
obtained after redox treatment. So, the effect of redox
treatment enhancing the activity of Ce–Zr catalysts
could be attributed to an increase of dispersion of pal-
ladium oxide species.

The synergistic effect of Ce on PdO/Al2O3–CeO2 cat-
alysts enhancing the activity in CO oxidation is well
established. The addition of zirconia to ceria also is ben-
eficial for PdO/Al2O3–(CeX–Zr1-X)O2 catalysts. This
effect in turn allows stabilize palladium oxide in active
state probablydue tohigher interactionwithCe–Zroxides.

The higher catalytic activity of sol-gel samples
reported in this work compared to samples reported by
other methods is attributed with a better distribution of
Ce and Zr in alumina at the nanoscale size.

Table 3

Hydrogen uptake of supports and catalysts during TPR in hydrogen from ambient to 550�C and estimated fraction of reduced PdO

Catalyst Support H2

uptake (lmol/g)

Catalyst H2

uptake (lmol/g)

Difference of

catalyst and

support H2

uptake(lmol/g)

Amount of H2

required to reduce

PdO (lmol/g)

PdO/Al2O3–CeO2 87.0 93.1 6.1 18.7

PdO/Al2O3–(Ce0.75Zr0.25)O2 59.0 106.5 47.5 18.7

PdO/Al2O3–(Ce0.67Zr0.33)O2 56.8 91.4 34.6 22.4

PdO/Al2O3–(Ce0.5Zr0.5)O2 37.1 52.7 15.6 17.7

PdO/Al2O3–(Ce0.33Zr0.67)O2 35.5 42.7 7.2 18.7

PdO/Al2O3–(Ce0.25Zr0.75)O2 19.2 43.3 24.1 18.7

PdO/Al2O3–ZrO2 6.0 36.9 30.9 16.8

PdO/Al2O3 0.0 27.2 27.2 27.1

Figure 7. CO conversion profiles for the CO + O2 reaction on fresh

catalysts
Figure 8. CO conversion profiles for the CO + O2 reaction on redox

catalysts
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4. Conclusions

The addition of (Ce1-XZrX)O2 to alumina by sol-gel
preparation method did not modify its typical structure
but promotes an increase of the surface area. In accor-
dance with particle size measurements, these mixed
oxides also reduce the particle size of alumina. We
assume that, it was a result of the introduction of Ce and
Zr ions, which avoid growth of alumina crystallites
during thermal treatments by forming structural defects.

The ceria-containing samples present an absorption
edge in the near-UV region. The band gap energy
depends both on the Ce/Zr ratio and the presence of
PdO, indicating changes in the electronic structure of the
catalysts. Increasing of the zirconia content in (Ce1-
XZrX)O2 promotes the palladium-support interactions
by formation of highly dispersed PdO species.

The reducibility of the supports is strongly dependent
on the ceria loading. Palladium-support interactions
promoted by sol-gel preparation method have an effect
in lowering the reduction temperature of the catalysts
and are controlled by the Ce/Zr ratio, The species of
palladium oxide depend on the Ce/Zr ratio of the sup-
ports.

The presence of palladium oxide interacting with
Al2O3–(Ce1-XZrX)O2 system improves the CO oxidation
and the Ce/Zr ratio is a key factor influencing the
activity. The PdO/Al2O3–(Ce0.5Zr0.5)O2 exhibits the
highest catalytic activity in agreement with results
reported on PdO supported on bulk (Ce0.5Zr0.5)O2 oxi-
des [27]. The same reason assumed in that report for the
increase of activity, which is the improved mobility of
oxygen in Ce–Zr oxides, is also assumed in this work.
The improved activity of PdO/Al2O3–(Ce0.5Zr0.5)O2

obtained by sol-gel with respect to reported studies of
Pd/(Ce0.5Zr0.5)O2 is attributed to the enhanced disper-
sion of the Ce–Zr oxides within alumina. Further studies
are in process in order to elucidate the type of interac-
tion between palladium oxide species and the Al2O3–
(Ce1-XZrX)O2 supports.
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