
Introduction

Ceria (CeO2) is a rare earth oxide that has been attract-
ing great interest in the last years due to the redox chem-
istry of cerium and the high affinity of the element for
oxygen that allows wide applications [1]. Particularly,
the presence of CeO2 has been found effective in the
promotion of various catalytic reactions including, CO2

activation, CO oxidation and CO/NO removal. Nowa-
days, there is much interest in the study of different
mixed oxides containing CeO2, like ceria/zirconia
mixed oxides. The use of this type of catalysts as active
components of the three-way catalysts for the treatment
of exhaust gas from automobiles [2] has recently met a
rapid increase. Owing to the number of possible applica-
tions of this type of materials, a detailed study of their
different types of active sites is of interest.

Experimental

Ceria–zirconia mixed oxides with different molar com-
position were synthesised by Rhône–Poulenc using a
precipitation route from nitrate precursors. The pure
ceria sample was also provided by Rhône–Poulenc
whereas the pure zirconia sample was supplied from
Norton. The pure and mixed oxides were stabilised by
calcination in air at 550°C for 4 h, and then pelleted
using a hydraulic press (2.2⋅104 N cm–2). Finally, pel-
lets were crushed and sieved to obtain grains with
0.3–0.5 mm diameter.

The textural properties were determined by N2

adsorption–desorption at –196°C in a Micromeritics
ASAP 2010 equipment. The samples were previously

evacuated overnight at 300°C under high vacuum. A
Philips X’PER MPD-System X-ray diffractometer
with CuKα radiation (λ=1.5406 �) and Ni filter was
used for the X-ray diffraction (XRD) studies. Unit
cell parameters were estimated from the intensities of
lines (111) of CeO2 and CexZr1–xO2 (x>0.5), (101) of
CexZr1–xO2 (x≤0.5) and (111) and (101) of ZrO2

(monoclinic and tetragonal structure, respectively).
A Micromeritics AutoChem 2910 instrument was

used for temperature-programmed investigations. Prior
to analysis the samples were first calcinated at 550°C
in a 5% O2/He stream and then cooled down in a N2

flow. The temperature-programmed desorption (TPD)
analysis required a previous saturation of the sample
with the respective probe molecule followed by re-
moval of physisorbed species with a desorption treat-
ment in a He stream at 10 K min–1 heating rate from
100 to 550°C.

The 10 K min–1 temperature-programmed reduc-
tion (TPR) was carried out under an Ar+5% H2 flow
from 50 to 950°C.

Results and discussion

Table 1 summarises the textural properties of the
investigated ceria–zirconia mixed oxide catalysts.
Table 1 data show a surface area of about 100 m2 g–1

in the composition range 50–80% CeO2, whereas 86
and 51 m2 g–1 are the values found for 15% CeO2 and
pure ZrO2, respectively. Composition and pore size
seem not clearly correlated to each other, possibly
because of the transition from cubic to tetragonal
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structure on increasing ZrO2 content [3] with substan-
tial changes in the pore size.

The X-ray diffraction patterns are shown in
Fig. 1. The CeO2 sample showed well-defined peaks
corresponding to a cubic structure. However, it should
be pointed out that the most intense lines were shifted
to significantly higher diffraction angles with increas-
ing ZrO2 content, a finding that may be related to the
shrinkage of the lattice on replacing Ce4+ with smaller
Zr4+ ions [4]. The mixed oxide systems is a solid solu-
tion where the cation sublattice was found to form cu-
bic and tetragonal structure for x≥0.68 and x≤0.5, re-
spectively, whereas pure ZrO2 is monoclinic. The cell
parameter for the CexZr1–xO2 mixed oxides calculated
from the main diffraction peaks are listed in Table 1. A
linear decrease of a0 was observed with increasing
ZrO2 content, in agreement with the Vegard rule, the
Zr4+ ionic radius (0.084 nm) being smaller than that of
Ce4+ (0.098 nm) [5].

Acid sites play an important role in the adsorption
and reaction of different type of hydrocarbons on the
surfaces of ceria and CeO2-containing materials. TPD
of ammonia allowed evaluation of the acidic properties
of the different samples. It is well-known that chemical
mixing with another oxide can significantly change the
acid-base properties of a given metal oxide [6, 7]. Ad-
dition of zirconium into the ceria lattice was therefore
supposed to have a complex influence on the acidity of
the pure parent oxide. The total concentration of acid
sites was calculated as the amount of ammonia ad-
sorbed per gramm (Table 2). The total acidity, which
was the lowest for pure ceria, markedly increased on

adding ZrO2. The highest acidity was accordingly
found for the mixed oxide with the highest ZrO2 con-
tent (Ce0.15Zr0.85O2). The NH3-TPD profiles shown in
Fig. 2 revealed the presence of acid sites with varying
strength on each sample. An attempt to characterise the
strength of acid sites was carried out by means of a
deconvolution of the TPD profiles into four gaussian
peaks. The desorption peaks were located at around
160, 240, 385, 535°C, respectively, irrespective of the
catalyst. The peaks at 160 and 240°C were related to
the weak acidity present in the catalysts while the other
two peaks were assigned to strong acidity. The sum of
the areas under the first two peaks was assumed to be
the number of weak acid sites and the sum of the areas
under the other peaks was associated with the number
of strong acid sites. It was noticed that the contribution
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Table 1 Main physico-chemical properties of CexZr1–xO2 mixed oxides

BET surface area/m2 g–1 Pore volume/cm3 g–1 Average pore size/� Lattice parameter/�

CeO2 99 0.21 59 5.41

Ce0.8Zr0.2O2 102 0.18 48 5.35

Ce0.68Zr0.32O2 101 0.24 70 5.30

Ce0.50Zr0.50O2 99 0.21 64 5.26

Ce0.15Zr0.85O2 86 0.28 102 5.14

ZrO2 51 0.25 157 –

Table 2 Results for temperature-programmed analysis of CexZr1–xO2 solid solutions

Consumption of H2/
µmol g–1

Total acidity/
mmol NH3 g–1

Strong sites/
mmol NH3 g–1

Weak sites/
mmol NH3 g–1

H2O adsorption/
mmol g–1

CeO2 196 0.17 0.03 0.14 1.45

Ce0.8Zr0.2O2 1004 0.24 0.09 0.15 2.04

Ce0.68Zr0.32O2 1293 0.26 0.10 0.16 2.10

Ce0.50Zr0.50O2 1322 0.31 0.13 0.18 2.22

Ce0.15Zr0.85O2 509 0.35 0.15 0.20 2.64

ZrO2 – 0.24 0.11 0.13 2.06

Fig. 1 X-ray diffraction patterns of CexZr1–xO2 mixed oxides



to the total acidity was larger at larger ZrO2 contents.
Accordingly, the Ce0.15Zr0.85O2 sample presented the
highest amount of strong acid sites (Table 2).

TPR with hydrogen has been widely employed in
order to characterise the reducibility of ceria-based ma-
terials. Cerium oxide is well-known for its easier re-
ducibility if compared to other fluorite-type oxides [8].
The hydrogen consumption was quantified by integrat-
ing the area beneath the whole profile (Table 2). The
TPR profile of ceria showed a two-peak pattern, sug-
gesting that reduction of ceria may follow a two-step
process. The first low temperature signal at ca. 500°C
was assigned to the reduction of the surface, while re-
duction of the bulk was proposed as the cause of the
high-temperature signal at ca. 900°C. The TPR profiles
of the mixed oxides essentially showed a main broad
reduction signal in agreement with the expectation of
an enhanced reduction of the bulk mixed oxide when
doped with ZrO2. Indeed, the insertion of ZrO2 into the
cubic CeO2 resulted in a distortion on the mixed oxide
structure, as revealed by XRD analysis. As a conse-
quence, the reduction was no longer confined to the

surface but involved the deep bulk too. Figure 3 clearly
shows the change of the reduction behaviour of CeO2

as the main hydrogen consumption was shifted to
lower temperatures [9, 10]. It is worth pointing out that
there was no contribution from the reduction of ZrO2.

The reduction process of a cerium atom in a
ceria–zirconia mixed oxide occurred according to the
following equation:

CexZr1–xO2+δH2↔CexZr1–xO2–δ+δH2O+δVo (1)

where the elimination of the capping oxygen anion as
water molecules involved the appearance of an oxygen
vacancy (Vo). The presence of those vacancies consid-
erably promoted the mobility of oxygen from the bulk
to the surface. Therefore, a measurement of the hydro-
gen consumption was proportional to the amount of
Ce3+ formed, and also proportional to the amount of
oxygen vacancies, which was related to the oxygen
mobility [11, 12]. Since the reduction occurred to the
largest extent for Ce0.5Zr0.5O2, the oxygen mobility was
more noticeably promoted for this catalyst.

Many catalytic processes involve formation of
water vapour, which therefore is worth determining.
For this reason, in some cases hydrophobic materials
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Fig. 2 NH3-TPD profiles of CexZr1–xO2 mixed oxides

Fig. 3 H2-TPR profiles of CexZr1–xO2 mixed oxides



are beneficial in processes where high water vapour
concentrations are present, either by offering reduced
sensitivity to water inhibition of active sites, or by en-
hanced hydrothermal stability where other materials
like silica or alumina would be unsuitable [13–15]. In
this work, temperature programmed desorption (TPD)
of water was carried out to evaluate the hydrophobic or
hydrophilic character of ceria–zirconia mixed oxides.

Figure 4 shows the H2O-TPD profiles in the range
100–550°C, whereas the amount of water adsorbed per
gramm is reported in Table 2. These findings suggest
that pure ceria is the catalyst which adsorbed the low-
est amount of water and the hydrophilicity of the
mixed oxide increased with zirconia content.

Conclusions

The characterisation of the catalytic sites of ceria–zir-
conia solid solutions with varying Ce/Zr by means of

temperature-programmed techniques led to the follow-
ing conclusions. The total acidity and the ratio between
strong/total acidity was larger as the zirconia content
was increased. Similarly, the water adsorption capacity
was enhanced with zirconia content. On the other
hand, the oxygen mobility of the mixed oxide was the
highest for Ce0.5Zr0.5O2 sample.
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Fig. 4 H2O-TPD profiles of CexZr1–xO2 mixed oxides


