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a b s t r a c t

The preparation of Ce0.80Zr0.20O2 mixed oxides was conducted by coprecipitation, using either
Ce(NO3)3·6H2O or (NH4)2Ce(NO3)6 as cerium precursor. Their counterpart pure ceria samples were also
prepared for comparative purposes. The samples were characterised by N2 adsorption at −196 ◦C, XRD,
Raman spectroscopy, XRF, H2-TPR and XPS, establishing proper comparisons with a commercial cata-
lyst Ce0.80Zr0.20O2, supplied by Rhodia. The use of Ce(NO3)3·6H2O leads to a Ce–Zr mixed oxides with
ceria-like structure, Ce-enrichment on the surface and a bi-modal H2-TPR profile, not expected for a true
solid solution. On the contrary, a t′′ structure was identified when using (NH4)2Ce(NO3)6 as precursor,
exhibiting improved oxygen mobility and Zr-enrichment on the particle surface. These findings are in
accordance with the solution chemistry of the Ce-species involved. When two pure ceria samples are
eria

PS
O to NO2 oxidation activity

compared, the most important difference is the very low surface area of CeO2 prepared from the Ce4+

precursor (5 m2/g) compared with CeO2 prepared from the Ce3+ precursor (57 m2/g). The Ce–Zr mixed
oxides prepared from the precursor (NH4)2Ce(NO3)6 shows the highest NO oxidation capacity among the
samples prepared in this study. The NO oxidation capacity to NO2 seems to be dependent not only on
the BET surface area of the catalyst but also on the Ce/Zr atomic surface ratio and probably, the redox

s, wh
properties of the catalyst

. Introduction

CeO2–ZrO2 is not only one of the most important catalytic sup-
orts due to its use in the three-way catalysts but also an interesting
atalyst by itself. Ceria–zirconia mixed oxides exhibit significant
hermal stability, good redox characteristics and catalytic activity
owards several oxidation reactions [1]. Having these properties,
hese materials have been tested for oxidation of hydrocarbons [2]
nd CO [3], CO2 methane reforming [4] and partial oxidation of
ethane [5]. Recently, the study of the catalysed oxidation of NO

o NO2 has acquired significance due to its role in several catalytic
rocesses, such as soot combustion under NOx/O2 [6–8], NOx stor-
ge/reduction strategy [9], selective catalytic reduction of NOx with
ydrocarbons [10] and so on.

In this line, it becomes interesting to optimise the variables of
reparation of CeO2–ZrO2 materials, possibly avoiding the use of
t and Pd whose prices are both high and highly fluctuating [11],

ot only in order to obtain new lower-cost catalytic materials but
lso to design environmental-friendly routes of synthesis with a
inimal or null disposal of organic solvents and/or surfactants.

∗ Corresponding author. Tel.: +34 96590 9419; fax: +34 96590 3454.
E-mail address: a.garcia@ua.es (A. García-García).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2010.03.010
en mixed oxides with the same nominal composition are compared.
© 2010 Elsevier B.V. All rights reserved.

It is known that the preparation method can remarkably
affect the textural and chemical behaviour at a single sam-
ple ceria/zirconia composition [12]. Several synthetic methods
have been employed for the preparation of these compounds:
hydrothermal synthesis, sol–gel methods, surfactant-assisted
routes and reversed microemulsion, among others [1]. However,
one of the most straightforward methods both in minimal use of
reactants and procedure is the coprecipitation [13].

In a previous publication [14], a mixed oxide of composition
Ce0.76Zr0.24O2 obtained by the coprecipitacion method by using
a Ce3+ precursor showed nearly the same activity towards NO
oxidation to NO2 (TPR conditions) as bare ceria, both samples
being calcined at 500 ◦C. Nevertheless, the mixed oxide was prefer-
able to pure ceria since it presented enhanced thermal stability.
A detailed physico-chemical characterisation of this mixed oxide
revealed a certain degree of inhomogeneous distribution of cerium
and zirconium cations. This was inferred by XPS analysis, pro-
viding Ce-enrichment on the particle surface. This heterogeneity
was concordant with a bi-modal H2-TPR profile, not expected
for a true solid solution. These peculiarities should be motivated

by the choice of a Ce3+ precursor instead of a Ce4+ precursor to
carry out the coprecipitation of the cerium hydroxide along with
the zirconium hydroxide, as reported by Letichevsky et al. [13].
In that study the use of Ce(NO3)3 as precursor led to the for-
mation of separated ceria and zirconia phases whereas a solid

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:a.garcia@ua.es
dx.doi.org/10.1016/j.molcata.2010.03.010
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olution was obtained by using (NH4)2Ce(NO3)6 in conducting
oprecipitation [13].

With a view to shedding light on these issues and to analysing
he influence of the cerium precursor on the physico-chemical
roperties of the mixed oxides obtained and on their catalytic activ-

ty for NO oxidation, ceria–zirconia mixed oxides with the same
ominal composition (Ce0.80Zr0.20O2) were prepared by the copre-
ipitation method, using a Ce3+ or a Ce4+ precursor, along with
heir control pure ceria samples, to establish proper comparisons.
he results of the physico-chemical characterisation as well as the
atalytic activity towards NO oxidation to NO2 are presented and
iscussed in the current paper.

. Experimental

.1. Catalyst preparation

Two Ce0.80Zr0.20O2 mixed oxides were synthesised by the copre-
ipitation route from either Ce(NO3)3·6H2O (supplied by Aldrich,
9% of purity) or (NH4)2Ce(NO3)6 (supplied by Panreac, 99% of
urity). The required amounts of ZrO(NO3)2·xH2O (supplied by
ldrich, Tech. grade) and the cerium precursor were dissolved in
ater and the hydroxides were precipitated by dropping an ammo-
ia solution to keep the pH about 9 and subsequent filtering. The
recipitates were dried at 110 ◦C in air overnight and calcined in
ir for 1 h at 500 ◦C. Pure CeO2 samples prepared with the Ce3+

r Ce4+ precursor were also obtained following the same proce-
ure. The samples prepared with the Ce3+ precursor are denoted by
Ce0.80Zr0.20O2 (Ce3+)” and “CeO2 (Ce3+)” and those prepared with
he Ce4+ precursor are denoted by “Ce0.80Zr0.20O2 (Ce4+)” and “CeO2
Ce4+)”. A Ce0.80Zr0.20O2 commercial sample supplied by Rhodia
rance (La Rochelle) and obtained by nitrate precursors was also
sed for comparative purposes. This sample is denoted by “Rhodia”.

.2. Characterisation techniques

The BET surface areas of the samples were determined by
ulti-point N2 adsorption at −196 ◦C using an automatic Autosorb-

B (Quantachrome equipment). The samples were previously
egassed for 4 h at 250 ◦C under vacuum.

Powder XRD patterns were recorded in a Bruker D8 advance
iffractometer, using CuK� radiation. Spectra were registered
etween 10 and 80◦ (2�) with a step of 0.02◦ and a time per step
f 3 s. The estimation of crystal size has been carried out with the
ollowing Williamson-Hall’s equation:

Total = ˇSize + ˇStrain = 0.9�

D cos �
+ 4(�d) sin �

d cos �

here ˇTotal is the full width half maximum of the XRD peaks and
d is the difference of the d spacing corresponding to a typical

eak. A plot of ˇTotal·cos � against 4 sin � yields the average crystal
ize from the intercept value.

The introduction of foreign cations within the lattice of ceria
eforms the structure and affects the shape of the XRD peaks. The
illiamson-Hall’s equation separates the effects of size and strain

n the crystals, and is more convenient than the Scherrer’s equation
or the estimation of crystal size of mixed oxides [14].

Raman spectra were obtained in a Bruker RFS 100/S Fourier
ransform Raman Spectrometer with a variable power Nd:YAG
aser source (1064 nm). Sixty-four scans at 85 mW laser power

70 mW on the sample) were recorded and no heating of the sample
as observed under these conditions.

Semi-quantitative chemical analysis of the sample was per-
ormed by XRF in a Philips Magix Pro spectrometer provided with
nalytic software SuperQ.
Catalysis A: Chemical 323 (2010) 52–58 53

XPS characterisation of the catalysts was carried out in
a VG-Microtech Multilab electron spectrometer using a MgK�

(1253.6 eV) radiation source. To obtain the XPS spectra, the pres-
sure of the analysis chamber was maintained at 5 × 10−10 mbar.
The binding energy (BE) and the kinetic energy (KE) scales were
adjusted by setting the C 1s transition at 284.6 eV, and BE and KE
values were determined with the Peak-fit software of the spec-
trometer. The electronic transitions Zr3d5/2, Ce3d5/2, Ce3d3/2, and the
satellite cerium peak centred at 917 eV were used to determine the
surface concentration of zirconium and cerium. The proportion of
Ce3+ cations with regard to the total cerium was calculated as the
ratio of the sum of the intensities of the u0, u′, v0 and v′ bands to
the sum of the intensities of all the bands [15]:

Ce3+ (%) = v0 + v′ + u0 + u′

�(v + u)
(2)

The reducibility of the fresh catalysts was examined by H2-
temperature-programmed reduction (H2-TPR) in a Micromeritics
Pulse ChemiSorb 2705 device consisting of a tubular quartz reactor
coupled to a TCD detector in order to monitor H2 consumption. The
reducing gas used was 5% H2 in Ar, with a flow rate of 35 ml/min. The
temperature range explored was from room temperature to 900 ◦C
at a heating rate of 10 ◦C/min. A CuO reference sample (supplied by
Micromeritics) was used to quantify H2 consumption.

2.3. Catalytic oxidation of NO to NO2

The catalytic tests were performed in a tubular quartz reac-
tor coupled to specific NDIR-UV gas analysers for NO, NO2 and O2
monitoring. The selected catalyst of 80 mg was diluted with SiC
to avoid pressure drop. The gas mixture used comprised 500 ppm
NOx, 5% O2 and balance N2, and the gas flow was fixed at 500 ml/min
(GHSV = 30,000 h−1). The experimental set-up has been designed in
order to ensure that the proportion of NO2 in the NO + O2 mixture
fed to the reactor is null.

These tests consisted of temperature programmed reactions,
where the temperature was increased from room temperature
to 700 ◦C at 10 ◦C/min under the reactive atmosphere, with the
purpose of quantifying the NO to NO2 oxidation capacity of the sam-
ples. A blank experiment was carried out under the aforementioned
experimental conditions but with the empty reactor.

3. Results and discussion

3.1. XRD, N2 adsorption and XRF characterisation

XRD patterns of the four solids synthesised along with that
of the Rhodia sample are presented in Fig. 1. All samples exhibit
only peaks which could refer to the fluorite structure of CeO2, and
separate zirconia phases are not observed for the three samples
with Ce0.80Zr0.20O2 composition. The position of the XRD peaks is
equal for the samples CeO2 (Ce3+), CeO2 (Ce4+) and Ce0.80Zr0.20O2
(Ce3+), while they are shifted to higher angles for the samples
Ce0.80Zr0.20O2 (Ce4+) and Rhodia. Such a shift is usually related to
a change in the lattice parameter due to the introduction of small
Zr4+ cations within the CeO2 lattice, and has been currently taken
as an indication of a CeO2–ZrO2 solid solution formation [13,16].

The same phase assignments by XRD were reported by
Letichevsky et al. [13] for Ce0.75Zr0.25O2 mixed oxides prepared also
from tri- and tetravalent cerium precursors. Conversely, Rossig-
nol et al. [17] and Hori et al. [16] found phase segregation (cubic

ceria and tetragonal zirconia) by XRD for a mixed oxide of identical
composition prepared from the Ce3+ precursor.

Table 1 compiles the estimation of the crystal sizes and the BET
surface areas for the five samples used in this study. Using the
Scherrer’s equation to estimate the size by peak broadening sup-
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Fig. 1. XRD characterisation of the catalysts.

oses the assumption that the crystal size effects are the only source
f peak broadening, but it is known that doping a ceria lattice with
irconia induces uniform strain in the lattice as the material is elas-
ically deformed [16]. As the Williamson-Hall’s equation separates
he effect of size and strain in the crystal, it is more convenient
or estimations relative to mixed oxides. By comparing the crystal
izes of the pure oxides (13 and 20 nm for CeO2 (Ce3+) and CeO2
Ce4+), respectively) with those of the mixed oxides (7 and 6 nm
or Ce0.80Zr0.20O2 (Ce3+) and Ce0.80Zr0.20O2 (Ce4+), respectively) it
s proved that crystal growth is hindered by incorporating zirco-
ium within the ceria framework. Similar trends were found by
etichevsky et al. [13]; CeO2 yielded a particle diameter of 5.7 nm
nd the corresponding solid solution yielded 3.9 nm (estimated by
eans of the Rietveld’s method). The larger crystal sizes found for

he mixed oxides obtained in this study compared to those obtained
y Letichevsky et al. [13] must be due to the differences in the steps
f the preparation protocols used. On the other hand, the data in
able 1 reveals that the cerium precursor does not affect signif-
cantly the crystal size of the mixed oxides while it has a strong
ffect on pure ceria samples, smaller size being obtained with the
e3+ precursor for bare ceria samples.

Accordingly, the BET area decreases by an order of magnitude
or CeO2 (Ce3+) with regard to CeO2 (Ce4+) (57 and 5 m2/g, respec-
ively) while they are not very different for both mixed oxides
repared in this study (68 and 57 m2/g for Ce0.80Zr0.20O2 (Ce3+) and
e0.80Zr0.20O2 (Ce4+), respectively). This observation is in agree-
ent with the data reported by Rossignol et al. [17] for CexZr1−xO2
ixed oxides calcined at 780 ◦C, where the BET surface area slowly

iminished as the atomic fraction of cerium (x) increased from 0.75
nd 1.

Semi-quantitative chemical analysis performed on the samples

y XRF revealed a fairly similar nominal composition for both mixed
xides in Ce and Zr. Also Cu, Fe and Ca were identified as very
inor components, assessing no differences in impurities by using

ifferent cerium precursors.

able 1
rystal sizes, BET surface areas and H2 consumed amounts from surface reduction
y H2 of the samples.

Sample Crystal
size (nm)

BET surface
area (m2/g)

Surface reduction
(�mol H2/gsample)

CeO2 (Ce3+) 13 57 145
Ce0.80Zr0.20O2 (Ce3+) 7 68 157
CeO2 (Ce4+) 20 5 60
Ce0.80Zr0.20O2 (Ce4+) 6 57 454
Rhodia 14 113 –
Fig. 2. Raman characterisation of the catalysts (inset of Fig. 2: zoom for Rhodia and
Ce0.80Zr0.20O2 (Ce4+) sample spectra).

3.2. Raman spectroscopy characterisation

According to the classification of phases in the CeO2–ZrO2 binary
system, a cubic structure is expected for a composition range (% mol
in Ce) of 80–100% and a t′′ metastable tetragonal phase is expected
in the range of 65–80%. It is intermediate between t′ and c. The t′′

phase shows no tetragonality of the cation sublattice and exhibits
an oxygen displacement from ideal fluorite sites [1]. Therefore, the
mixed oxides obtained in this study (80%) are in the threshold value.
Such differences in the crystalline structure can be distinguished by
Raman spectroscopy.

Raman spectra of the five samples analysed are displayed in
Fig. 2. For all of them, a sharp band is observed at about 465 cm−1

assigned to the fluorite structure, which is a cubic structure with
space group Fm3m. The intensity of the signal is the highest
one for the sample CeO2 (Ce4+), in agreement with the largest
crystal size of this sample (see data in Table 1). By comparing
the three mixed oxides, both the broadening of this F2g peak
and its marked decrease in intensity exhibited by Rhodia sam-
ple and Ce0.80Zr0.20O2 (Ce4+) compared to Ce0.80Zr0.20O2 (Ce3+)
have to be connected with an increase in disorder in the flu-
orite structure and cell contraction and/or existence of oxygen
vacancies [1].

Both the position of the main band at around 465 cm−1 and
that of the smaller bands that could appear at lower Raman shifts
(see the inset zoom of Fig. 2) provide information about the actual
structure of the mixed oxides. The position of the main band
is almost equal for the samples CeO2 (Ce4+), CeO2 (Ce3+) and
Ce0.80Zr0.20O2 (Ce3+) (464–466 cm−1) whereas it is moved to higher
Raman shifts for the samples Ce0.80Zr0.20O2 (Ce4+) and Rhodia
(473.5 cm−1).

The Raman spectra of the samples Ce0.80Zr0.20O2 (Ce4+) and Rho-
dia are consistent with a t′′ structure. This is deduced from the
up-shifted main band, which is in accordance with other values
reported for solid solutions in the literature [12,13], and from the
presence of very low and broad bands at around 120 and 300 cm−1,
owing to the tetragonal displacement of the oxygen from the ideal
fluorite structure which occurs due to the zirconium insertion into
the CeO2 lattice. The shoulder at 620 cm−1 could be ascribed to
a localised substitutional defect vibration, according to Martínez-
Arias et al. [18].
On the contrary, according to the structural characterisation
presented so far, a cubic structure is assigned to the mixed oxide
prepared from a Ce3+ precursor, since this sample neither exhibits
displacement of the main band towards a higher Raman shift with
regard to pure ceria samples nor weak bands at around 120 and
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Table 2
Data from surface analysis by XPS.

Sample Ce3+/(Ce3+ + Ce4+) (%) Ce/Zr surface atomic ratio O/(Ce + Zr) or O/Ce surface atomic ratio

CeO2 (Ce3+) 28.2 – 3.6
3+ 5.9

–
2.4
3.1
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Ce0.80Zr0.20O2 (Ce ) 32.3
CeO2 (Ce4+) 34.8
Ce0.80Zr0.20O2 (Ce4+) 34.6
Rhodia 34.0

00 cm−1, attributable to tetragonal displacement of the oxygen
rom the ideal fluorite structure [19].

.3. H2-TPR characterisation

The results obtained by means of H2-TPR are reported in Fig. 3,
here different behaviour between both pure oxides and both
ixed oxides are noticed. The TPR profiles of the ceria samples

howed two peaks usually reported for this pure oxide. The low-
emperature peak located between 550 and 650 ◦C is attributed
o surface reduction of the solid, and the high temperature peak
etween 720 and 920 ◦C is due to bulk reduction. This double-peak
rofile is explained according to the idea that oxygen mobility is
elatively slow in bulk of pure ceria [20].

In addition to the surface and bulk reduction peaks, some of the
rofiles included in Fig. 3 show a third peak below 500 ◦C which
ould be ascribed to the desorption of adsorbed species, such as
arbonate-like species, CO2 and water. It is important to outline
hat, in addition to the aforementioned species, a considerable
umber of surface OH groups can exist on ceria-based samples [1]
nd some authors attribute this peak to the dehydroxylation of ceria
21].

In agreement with the literature, the area of the surface reduc-
ion peak is more pronounced for the pure ceria sample CeO2 (Ce3+),
ith BET surface area of 57 m2/g, than for the sample CeO2 (Ce4+),
ith much lower BET area (5 m2/g). In addition, the bulk reduc-

ion peak is slightly displaced at lower temperatures, as well as
xhibiting a superior area, for CeO2 (Ce3+) than for CeO2 (Ce4+).
hese differences between the BET areas and redox properties of
oth ceria samples could be attributed to the different behaviour of
ach precursor during the calcination step. During Ce(NO3)3·6H2O
Ce3+ precursor) calcination, the nitrate decomposition, with NOx
nd O2 released (and of course the O2 atmosphere due to the air cal-
ination) lead to the oxidation of Ce3+ to Ce4+ to yield CeO2. On the
ontrary, this oxidation step does not occur during (NH4)2Ce(NO3)6
Ce4+ precursor) calcination. The oxidation of Ce3+ to Ce4+ seems
o be beneficial for the ceria features, giving a higher surface area

Fig. 3. H2-TPR profiles of the catalysts.
(4.0) 3.0
3.0

(4.0) 2.8
(4.0) 2.8

and increased reducibility with regard to ceria obtained by Ce4+

precursor calcination, which seems to suffer a higher sintering.
Important differences are also noted in the H2-TPR profiles

(Fig. 3) of mixed oxides prepared from different cerium precur-
sors. For ceria–zirconia mixed oxides, it is suggested that the high
oxygen mobility in the bulk leads to a single reduction feature [22].
In agreement with this idea, a unique reduction peak is observed
for the samples Ce0.80Zr0.20O2 (Ce4+) and Rhodia (Fig. 3b). This is
consistent with the Raman spectroscopy findings. The t′′ phase
was identified for both mixed oxides and proper solid solutions
formation was inferred, with good oxygen mobility. In contrast,
a bi-modal profile, not expected for a solid solution, is exhibited
by the sample Ce0.80Zr0.20O2 (Ce3+), rather similar to that of pure
CeO2 (Ce3+). This behaviour is consistent with XRD and Raman spec-
troscopy data, since evidence for solid solution formation was not
obtained for the sample Ce0.80Zr0.20O2 (Ce3+).

The amount of H2 consumed in the reduction of the samples sur-
face was calculated, and the data obtained are compiled in Table 1.
The amount of H2 consumed by the sample Ce0.80Zr0.20O2 (Ce4+) is
much higher than that amount estimated for Ce0.80Zr0.20O2 (Ce3+),
even though the latter presents a slightly higher surface area, and
also is much higher than values obtained with both pure ceria sam-
ples. These results corroborate the good oxygen mobility attained
with the ceria–zirconia mixed oxides prepared with the Ce4+ pre-
cursor, thus allowing a fast oxide anion migration from the bulk to
the surface. The amount of H2 consumed in the surface reduction of
the sample Ce0.80Zr0.20O2 (Ce4+) is in the same order of magnitude
as the amount consumed by a sample prepared by Letichevsky et
al. [13] also from a Ce4+ precursor and with the same composition.
The higher value obtained by these authors (692 �mol/g-sample)
in comparison with the sample prepared in the current study could
be accounted for by the higher surface area achieved by Letichevsky
et al. (126 m2/g versus 57 m2/g).

3.4. XPS characterisation

To study in depth the surface features of the samples and
attempt to correlate them with the influence of the cerium pre-
cursor, characterisation was pursued by XPS. The estimation of the
Ce3+ percentages and the Ce/Zr, O/Ce and O/(Ce + Zr) atomic surface
ratios is compiled in Table 2.

The Ce3+ surface percentages measured are quite similar for all
the samples, ranging in a narrow interval of values between 28.2
and 34.8%. The presence of Ce3+ cations in samples prepared from
the Ce4+ precursor is attributed to the reduction of the Ce4+ cations
under the conditions of the XPS analysis. It is known that CeO2
can suffer spontaneous reduction at room temperature during XPS
measurements by action of the X-ray irradiation combined with the
ultra high vacuum environment. This reduction has been reported
to be strongly influenced by the composition and type of material
[1]. The samples prepared from the Ce3+ precursor also exhibited a
mixture of Ce3+ and Ce4+ cations at the surface, which confirms that

part or all the Ce3+ cations of the nitrate precursor were oxidised
to Ce4+ cations during calcination in air at 500 ◦C. In this case, the
reducing conditions in the XPS experiments are also expected to
contribute to Ce3+ formation, and therefore, the actual percentages
of (+3) cations could be lower than the values obtained.
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Valuable information provides the analysis of the Ce/Zr ratio
or the mixed oxides studied. Taking into account that the nominal
atio is 4, if the mixed oxides presented a homogeneous atomic dis-
ribution, this would also be the surface ratio value. Even though
he samples Ce0.80Zr0.20O2 (Ce3+) and Ce0.80Zr0.20O2 (Ce4+) were
repared by an identical method, with only the cerium precur-
or varied, this parameter is very different from each other. The
ixed oxide prepared from the Ce3+ precursor presents a Ce/Zr

alue of 5.9, reflecting Ce-enrichment at the particles surface and
Zr-rich core. This degree of cerium enrichment on surface seems

o be reproducible, since a sample Ce0.76Zr0.24O2 (Ce3+) was pre-
ared in a previous work, following the same procedure used in
he current study with the only difference in the calcination time
3 h instead of 1 h), showed a Ce/Zr surface ratio of 5.0 [14]. The nor-

alisation of both values in terms of their nominal compositions
rovided a Ce-enrichment factor of 1.6 for that sample of a previ-
us study and 1.5 for the sample prepared in the current study thus
roving the reliability of the results and excluding effects derived
rom erroneous experimentalism. On the other hand, the sample
e0.80Zr0.20O2 (Ce4+) as well as the Rhodia sample provided evi-
ence for Zr-enrichment on the surface, with Ce/Zr surface ratios
f 2.4 and 3.1, respectively. Zr-enrichment on the surface of a sam-
le with composition Ce0.75Zr0.25O2 prepared from a Ce4+ precursor
y the coprecipitation method was supported by EDS data as also
eported by Hori et al. [16].

Additional information regarding the surface oxidation state
as also extracted from the XPS analysis. The ratio between the

urface oxygen concentration and the zirconium and/or cerium
oncentrations was calculated and the results obtained are com-
iled in Table 2. The values ranged from 2.8 to 3.6. Since a value of
would be expected for a fully oxidised surface with an oxidation

tate of Ce4+ for all the cerium cations, the analysis clearly indicates
n excess of surface oxygen. A similar conclusion was reported by
elson and Schulz [23], obtaining a value of 2.7 for a Ce0.80Zr0.20O2
ixed oxide prepared also by coprecipitation from (NH4)2Ce(NO3)4

nd subsequent annealing. This value is in agreement with that
btained for the samples Ce0.80Zr0.20O2 (Ce4+) and Rhodia (2.8).
his excess of oxygen at the surface could be attributed to the pres-
nce of a surface layer of adsorbed species, such as carbonate-like
pecies, CO2 and water. This is further supported by the detection
f surface carbon by XPS both in the current study and in that of
elson et al. [23], and would explain the peak observed in H2-TPR
rofiles (Fig. 3) below 500 ◦C.

By comparing the O/Ce value of both ceria samples prepared in
he current study and the ratios (O/Ce + Zr) for the mixed oxides, it
an be concluded that the solids prepared from the Ce3+ precursor
resent a superior excess of oxygen than those prepared from the
e4+ precursor.

The different distribution of elements on the surface of the
amples prepared in the current study, as deduced by XPS, can
e explained by careful analysis of the solution chemistry of
he zirconium and cerium species involved in the different steps
f the preparation procedure of samples. For the mixed oxide
e0.80Zr0.20O2 (Ce3+), it is important to take into account that the
olubility constant (Ksp) of Zr(OH)4 is several orders of magnitude
ower than that of Ce(OH)3 (2 × 10−48 and 1.5 × 10−20, respectively)
24], thus inducing a faster precipitation of zirconium hydroxide
uring the coprecipitation step of Ce3+ and Zr4+ in alkali media.
hus, the nuclei of the particles will be rich in zirconium and the
uter part will have a prominent Ce-enrichment due to Zr deple-
ion in the aqueous phase at the final stages of the precipitation

rocess. This leads to a core/shell structure, different from a solid
olution structure, with a heterogeneous distribution of cations,
ell-proved by XPS surface data. The main phase of such structure

s cubic ceria, as deduced from structural analysis. This proposed
tructure is also congruent with the bi-modal H2-TPR profile of the
Catalysis A: Chemical 323 (2010) 52–58

mixed oxide Ce0.80Zr0.20O2 (Ce3+). It is worth stressing that its sur-
face peak area/bulk peak area ratio is very different from that of
the control pure ceria CeO2 (Ce3+) (1.40 versus 0.41). The low area
of the bulk peak for the mixed oxide Ce0.80Zr0.20O2 (Ce3+) can also
be understood by the important Zr-enrichment in the bulk of the
particle.

Other authors, such as Wu et al. [25] also suggested a shell/core
structure for a ceria–zirconia samples prepared by means of adding
firstly zirconia into aqueous ammonia and subsequent addition of
(NH4)2Ce(NO3)6, yielding a calcined solid with very structural fea-
tures than that obtained in the present study: the Ce/Zr surface
atomic ratio higher than that of the nominal ratio and a bi-modal
H2-TPR profile ascribed to a diffusional resistance, causing firstly
the reduction of Ce4+ surface and separately the reduction with
oxygen supplied from the bulk.

On the other hand, it is described in the literature [26] that the
local structure around both Ce and Zr for CeO2–ZrO2 samples can be
investigated by XAFS method in order to clarify the cation–cation
network (cation = Ce, Zr) and the oxygen environment around the
cation. Conventional characterisations cannot achieve exact infor-
mation about the homogeneity at the atomic level for Ce and Zr
atoms in the ceria–zirconia samples.

Opposite situation can be inferred from the characterisation
study performed with Ce0.80Zr0.20O2 (Ce4+). Ksp for Ce(OH)4 is
4 × 10−51 [24], which is much closer to that of Zr(OH)4 (2 × 10−48).
This leads to a more homogeneous coprecipitation with solid
solution formation and good oxygen mobility due to an effective
insertion of the foreign cation in the ceria lattice, despite the cerium
depletion in the very late stages of the precipitation, since Ce(OH)4
is slightly more insoluble than Zr(OH)4.

Other aspects, such as the complex and distinct solution chem-
istry of ceric ions resultant from using a Ce3+ or a Ce4+ precursor,
point also the same direction. The coordination chemistry of the
large electropositive Ce3+ ions is complicated in solution. How-
ever, it is likely that the aqueous solution contains the [Ce(H2O)9]3+

cation [27] which would not benefit the proximity of the cationic
zirconyl (ZrO2+) because of electrostatic repulsion. In contrast,
an electrostatic attraction is expected when the (NH4)2Ce(NO3)6
precursor is used, as its hydrolysis yields a 12-coordinated Ce
anion [Ce(NO3)6]2−, characterised by 12 oxygen atoms from 6
bidentade nitrate ions surrounding Ce4+ [27]. Such effects would
facilitate the proximity between both species before the addition of
ammonia.

3.5. Catalytic oxidation of NO to NO2

The influence of the cerium precursor on the NO oxidation
capacity of the pure and mixed oxides prepared in this study
has been studied under a gas mixture with NO and O2. Fig. 4
presents the results obtained in these experiments. Fig. 4(a and
b) depicts the NOx elimination profiles and the NO2 percent-
age in the outlet gas mixture respectively, as a function of
temperature.

As observed in Fig. 4a, all the samples studied remove NOx from
the gas stream, and this removal is attributed to NOx chemisorption
on the cerium-based oxides. The nitrogenated-species formed on
the cerium samples upon NOx chemisorption (ad-NOx species) are
stable under the experimental conditions. The samples CeO2 (Ce3+),
Ce0.80Zr0.20O2 (Ce3+) and Ce0.80Zr0.20O2 (Ce4+) show the same NOx

removal profile, and the most outstanding point deduced from
Fig. 4a is the lowest NOx chemisorption capacity, joined to a shift

towards higher temperatures of the NOx removal curve shown by
the sample CeO2(Ce4+), compared with the other three samples.
The lowest NOx chemisorption capacity of the sample CeO2(Ce4+)
is in accordance with its lower surface area (5 m2/g versus
57–68 m2/g).
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ceria obtained from (NH4)2Ce(NO3)6 sinters during calcination
ig. 4. Catalytic tests: (a) NOx elimination profiles and (b) NO2 production profiles.

In addition to NOx chemisorption on the pure and doped cerium
amples, the interaction of the (NO + O2) gas mixture with the dif-
erent catalysts leads to the oxidation of NO to NO2, as observed in
ig. 4b. It is important to remember that the experimental set-up
sed in these experiments was designed to ensure that the pro-
ortion of NO2 in the NO + O2 mixture fed to the reactor is null, as
educed from the baseline value of the NO2 level below 250 ◦C in all
he experiments. The NO oxidation reaction is thermodynamically
avoured at low-temperature but kinetically restricted, and hence,
oth the action of a catalyst and the increase in temperature accel-
rate the oxidation of NO. In the absence of catalyst, the NO2 level
s low, and the highest level reached is about 2% at 600 ◦C. All the
erium catalysts prepared in this study are able to accelerate the
xidation of NO to NO2. Above a certain temperature (250–300 ◦C)
he NO2 level increases and, once the thermodynamic equilibrium
f the NO oxidation reaction is reached, the NO2 level decreases
ollowing thermodynamics.

From a quantitative point of view, the NO oxidation capacity
f the sample CeO2(Ce4+) is the lowest one and its NO2 profile
s shifted towards higher temperatures with regard to the rest
f the samples tested (Fig. 4b). This finding is in agreement with
he trend reported in a previous publication [14], where at high
alcination temperatures, and as a consequence of ceria sinter-
ng with decrease in surface area, the NOx chemisorption and NO2
roduction capacity became retarded and lowered in magnitude
ompared to the non-sintered ceria. The current results also sup-

ort our recent conclusions of a work where it was observed that
ne of the key features governing the activity for NO2 production
as the ceria/zirconia ratio of the mixed oxides [28], cerium rich
ixed oxides being more active than those with high Zr propor-
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tion. For the specific case of a pure ceria and a Ce0.76Zr0.24O2 mixed
oxide, both prepared from a Ce3+ precursor, their catalytic activities
were very similar [28] as found in the present publication.

The catalytic activity for NO oxidation of the samples CeO2
(Ce3+), Ce0.80Zr0.20O2 (Ce3+) and Ce0.80Zr0.20O2 (Ce4+) is quite simi-
lar (Fig. 4b), but there are few differences that merit attention. By a
careful comparison of the behaviour of ceria–zirconia mixed oxides,
a slight difference is observed. Even though Ce0.80Zr0.20O2 (Ce3+)
presents higher BET surface area than Ce0.80Zr0.20O2 (Ce4+), the NO2
production capacity of the former sample is slightly lower than that
of the latter. This proves that the surface area might not be the only
cause to explain the activity of ceria–zirconia for NO oxidation,
even though solids with identical nominal composition are com-
pared. This slightly different behaviour concerning NO2 production
by the mixed oxides could be tentatively ascribed to the very differ-
ent surface atomic distribution measured for both samples, which
is related with the structure of the mixed oxides. The previously
described characterization techniques showed that Ce0.80Zr0.20O2
(Ce3+) presents a ceria-like surface structure with an important
Ce-enrichment on the surface. Meanwhile, Ce0.80Zr0.20O2 (Ce4+)
is characterised by a single structure t′′ with a Zr-enriched outer
layer, thus facilitating one or more of the following steps involved
in the NO to NO2 oxidation mechanism: (NO + O2) adsorption
over the catalyst surface, oxidation of the ad-NOx species formed
and NO2 release under (NO + O2). The different routes leading
to ad-NOx species formation/oxidation/desorption over ceria and
ceria–zirconia samples are very complex and were explored in the
previous work [28], being very dependent on the ceria–zirconia
ratio of the samples considered. To sum up, the experimental
results obtained in this study suggest that the higher NO oxida-
tion capacity of the sample Ce0.80Zr0.20O2 (Ce4+) in comparison
with Ce0.80Zr0.20O2 (Ce3+) could be attributed to their very different
Ce/Zr surface ratios, and probably, to the improved redox proper-
ties of the former sample, as deduced from H2-TPR experiments
(Fig. 3).

4. Conclusions

In this study, the influence of the cerium precursor on the
physico-chemical features and NO to NO2 oxidation capacity of
ceria and ceria–zirconia catalysts has been evaluated, and the fol-
lowing conclusions can be summarised:

• The cerium precursor, either Ce(NO3)3·6H2O or (NH4)2Ce(NO3)6,
affects significantly the physico-chemical features of ceria and
ceria–zirconia mixed oxides prepared by coprecipitation, and
this, in turn, affects the NO oxidation capacity of the oxides
obtained.

• The precursor Ce(NO3)3·6H2O (with Ce3+) leads to a Ce–Zr mixed
oxides with ceria-like structure and heterogeneous distribution
of cerium and zirconium, with Ce-enrichment on the particle
surface.

• In contrast, a Ce–Zr solid solution with t′′ structure was achieved
by using (NH4)2Ce(NO3)6 (with Ce4+), which is similar to
that of a commercial catalyst characterised as reference mate-
rial. The Ce–Zr solid solution prepared from the precursor
(NH4)2Ce(NO3)6 shows the highest NO oxidation capacity among
the samples prepared in this study.

• For pure ceria samples, the effect of the cerium precursor is
opposite to that described for the Ce–Zr mixed oxides. Pure
more than ceria obtained from Ce(NO3)3·6H2O. As a consequence,
ceria prepared from (NH4)2Ce(NO3)6 presents lower surface area,
depleted redox properties and lower NO oxidation capacity than
ceria prepared from Ce(NO3)3·6H2O.
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