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a b s t r a c t

Ce1−xYxO2 and Ce0.85−xZr0.15YxO2 mixed oxides have been prepared by 1000 ◦C-nitrates calcination to
ensure thermally stable catalysts. The physico-chemical properties of the mixed oxides have been stud-
ied by N2 adsorption at −196 ◦C, XPS, XRD, Raman spectroscopy and H2-TPR, and the catalytic activity
for soot oxidation in air has been studied by TG in the loose and tight contact modes. Yttrium is accu-
mulated at the surface of Ce1−xYxO2 and Ce0.85−xZr0.15YxO2, and this accumulation is more pronounced
for the former formulation than for the latter, because the deformation of the lattice due to zirconium
doping favours yttrium incorporation. Yttrium and zirconium exhibit opposite effects on the surface con-
centration of cerium; while zirconium promotes the formation of cerium-rich surfaces, yttrium hinders
the accumulation of cerium on the surface. For experiments in tight contact between soot and catalyst,
all the Ce1−xYxO2 catalysts are more active than bare CeO2, and Ce0.99Y0.01O2 is the most active catalyst.
The benefit of yttrium doping in catalytic activity of ceria can be related to two facts: (i) the Y3+ surface
enrichment hinders crystallite growth; (ii) the surface segregation of Y3+ promotes oxygen vacancies cre-
ation. High yttrium loading (x = 0.12) is less effective than low dosage (x = 0.01) because yttrium is mainly
accumulated at the surface of the particles and hinders the participation of cerium in the soot oxida-

tion reaction, which is the active component. For the mixed oxides with formulation Ce0.85−xZr0.15YxO2

(operating in tight contact) the effect of zirconium on the catalytic activity prevails with respect to that
of yttrium. For experiments in loose contact between soot and catalyst, the catalytic activity depends on
their BET surface area, and the catalysts Ce0.85−xZr0.15YxO2 (BET = 10–13 m2/g) are more active than the
catalysts Ce1−xYxO2 (BET = 2–3 m2/g). In the loose contact mode, the yttrium doping and loading have a
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. Introduction

Diesel engines are widely used due to their superior efficiency,
urability and reliability. Particularly, the penetration of the Diesel
ngine into the light-duty and passenger cars exceeds 50% market
hare in several European countries [1]. In recent years, increasing
ttention has been paid to Diesel engine emissions, especially the
articulate matter fraction (PM), consisting mostly of carbonaceous
oot and a volatile organic fraction of hydrocarbons condensed or
dsorbed over the soot, which is highly hazardous due to its poten-
ial mutagenic and carcinogenic activity [2,3]. In particular, Diesel

M smaller than 2.5 �m (PM2.5) does not only penetrate deep in the
ungs but remains there longer than larger particles. Consequently,
he formulation of restrictive legislation in EU regarding these fine
articles is being imposed [4].
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ivity, and the stabilising effect of the BET area due to zirconium doping
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The use of a multifunctional catalytic filter combining high effi-
iency in PM filtration and oxidation of the captured PM seems to
e the most plausible after-treatment strategy in this context [5],
nd intense research efforts are being currently focussed on the
evelopment of catalytic active phases that fulfil the requirements
f such application.

For the last 25 years, ceria-based catalytic materials have
emonstrated to be effective for three way catalysts (TWCs), which
ave been successfully implemented in gasoline vehicles for simul-
aneous CO, hydrocarbons and NOx removal. The role of ceria as
n efficient oxygen buffer is directly related to its capability to
ndergo reduction and reoxidation under fuel-rich and lean condi-
ions, respectively [6]. A major drawback of CeO2 is that significant
eactivation occurs due to particle sintering when it is used at high

emperatures in the driving conditions. To overcome this handi-
ap, CeO2-based binary and ternary mixed oxides with improved
hermal stability have been developed. The modification of CeO2
y doping with transition or rare earth metals, such as Zr4+, La3+,
3+ or Sm3+ among others, is likely to stabilise the surface area, to

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:agus@ua.es
dx.doi.org/10.1016/j.molcata.2008.10.043


1 Catalysis A: Chemical 300 (2009) 103–110

i
o

s
i
b
d
w
e
w
c
C
i
b
T
o
i
a
a
a
t

a
p
s
m
e
f
m
o
b
t
(
s

l
c
f
m
p
m
e
r
t
l
o
t
w
b

2

2

C
w
Y
a
i
n
F
f
c
v

Table 1
Catalyst characterisation by XRD and N2 adsorption at −196 ◦C.

Catalyst Phase Average crystal size (nm) BET (m2/g)

CeO2 Cubic (c) 110 2
Ce0.99Y0.01O2 Cubic (c) 101 2
Ce0.94Y0.06O2 Cubic (c) 93 3
Ce0.88Y0.12O2 Cubic (c) 90 2
Ce0.85Zr0.15O2 Cubic (c) 93 11
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mprove the redox properties of ceria and to prevent the decline of
xygen storage capacity (OSC) due to thermal deactivation [7,8].

Recently, the promising activity of doped-CeO2 catalysts for
oot oxidation has been reported [8–12]. La3+-doped CeO2 showed
mproved catalytic activity for soot oxidation in comparison with
are CeO2, and among a set of CexLa1−xO2 mixed oxides with
ifferent La3+ loading (0 < x < 0.5), the best catalytic performance
as attained with 5–10% La3+ (x = 0.05–0.10) [13]. Several rare

arth-doped CeO2 mixed oxides, with 10% foreign cation loading,
ere prepared afterwards [8], and Ce0.9Pr0.1O2 and Ce0.9La0.1O2

atalysts showed superior soot oxidation activity compared with
e0.9Sm0.1O2 and Ce0.9Y0.1O2. The effect of praseodymium load-

ng was then investigated [12] in CexPr1−xO2 catalysts, and the
est activity was obtained with 1:1 Ce:Pr molar ratio (x = 0.5).
he catalytic activity for soot oxidation of ceria–zirconia mixed
xides, CexZr1−xO2 with 0.5 < x < 1, has been also studied [14] and,
n this case, no differences were found in soot oxidation catalytic
ctivity due to zirconium loading. Thus, the choice of the dopant
nd its amount may critically affect phase stability of the product
nd other features that affect the catalytic activity for soot oxida-
ion.

The scarcity of systematic studies in the literature does not allow
rationale for the role of the dopant in modifying the textural,

hase stability and catalytic activity of CeO2-based catalysts for
oot oxidation. The synthesis route plays a critical role in deter-
ining the properties of these doped systems and, very often, the

ffect of dopants can be masked by the fact that samples with dif-
erent textural properties are compared [15]. On the other hand,

ost studies focussed on the development of CeO2-based mixed
xides for catalysed soot oxidation have been performed with
inary mixed oxides and few ones with ternary systems [10]. Taking
his idea into account, it has been decided to analyse both binary
Ce1−xYxO2) and ternary (Ce0.85−xZr0.15YxO2) systems in the current
tudy.

In particular, the present study aims at the effect of the yttrium
oading over ceria and ceria–zirconia mixed oxides on the physico-
hemical properties of the resultant catalysts as well as the activity
or soot combustion under tight and loose soot–catalyst contact

odes. High calcination temperature (1000 ◦C) was selected to
repare the mixed oxides, since thermal stability is a require-
ent for this application taking into account the high temperature

ventually reached in the Diesel Particulate Filters (DPFs) during
egeneration [16], leading to low surface area materials. Besides,
he surface areas of the catalysts prepared at 1000 ◦C are very simi-
ar to each other, allowing us a better interpretation of the influence
f the dopant amount. This paper ties in with a previous publica-
ion [14] where ceria–zirconia mixed oxides calcined at 1000 ◦C
ere revealed as more active catalysts for soot combustion than
are ceria.

. Experimental

.1. Catalyst preparation

Catalysts of nominal composition Ce1−xYxO2 and
e0.85−xZr0.15YxO2 (x ranging from 0 to 0.12 molar fraction)
ere prepared from Ce(NO3)3·6H2O, ZrO(NO3)2·xH2O and
(NO3)3·6H2O (Aldrich, 99.9% purity) as precursors. The required
mounts of these precursors were mixed in a mortar and calcined
n static air at 1000 ◦C for 90 min (heating rate 10 ◦C/min). The

omenclature of the catalysts prepared is compiled in Table 1.
or the sake of simplicity, 2 is kept as oxygen coefficient in the
ormulas Ce1−xYxO2 and Ce0.85−xZr0.15YxO2 (which is the formal
oefficient in bare ceria and ceria–zirconia mixtures) despite lower
alues are expected due to the partial substitution of Ce4+ by Y3+.

2

m
r

e0.84Zr0.15Y0.01O2 Cubic (c) 46 13
e0.80Zr0.15Y0.05O2 Cubic (c) 51 12
e0.75Zr0.15Y0.10O2 Cubic (c) 45 10

.2. Catalyst characterisation

The BET surface area of the catalysts was determined by physi-
al adsorption of N2 at −196 ◦C in an automatic volumetric system
Autosorb-6, Quantachrome).

Powder X-ray diffraction patterns were collected on a Bruker D8
iffractometer using CuK� radiation (� = 0.15418 nm). Spectra were
ecorded between 10◦ and 60◦ (2�) with a step of 0.02 and a time
er step of 3 s. The average crystal sizes (D) were determined using
he Williamson–Hall’s equation (WH):

Total = ˇSize + ˇStrain = 0.9 · �

D · cos �
+ 4 · (�d) · sin �

d · cos �
(1)

is the X-ray wavelength, ˇTotal is defined as the width at half max-
mum of the peak, � is the position (angle) of the peak, and �d is the
ifference of the d spacing corresponding to a typical peak. A plot
f ˇTotal·cos � against 4·sin � yields the average crystal size from the
ntercept value. For mixed oxides, the Williamson–Hall’s equation
rovides a better estimation of the crystal size than the popular
cherrer’s equation, since separates the effects of size and strain on
he peak broadening.

Raman spectra were acquired with a Bruker RFS 100/S Fourier
ransform Spectrometer using a variable power Nd:YAG laser
ource (1064 nm). 64 scans at 85 mW laser power (70 mW on the
ample) were recorded and no heating of the sample was observed
nder these conditions.

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

1253.6 eV) radiation source. To obtain the XPS spectra, the pres-
ure of the analysis chamber was maintained at 5 × 10−10 mbar.
he binding energy (BE) and the kinetic energy (KE) scales were
djusted by setting the C1s transition at 248.6 eV, and BE and KE
alues were determined with the Peak-fit software of the spectrom-
ter. The electronic transitions Zr3d5/2, Y3d5/2, Ce3d5/2, Ce3d3/2, and
he satellite cerium peak centred at 917 eV were used to determine
he surface concentration of zirconium, yttrium and cerium. The
roportion of Ce3+ cations with regard to the total cerium was cal-
ulated as the ratio of the sum of the intensities of the u0, u’, v0, and
’ bands to the sum of the intensities of all the bands [17]:

e3+(%) = v0 + v′ + u0 + u′

˙(v + u)
(2)

Experiments of Temperature Programmed Reduction with H2
H2-TPR) were carried out in a tubular quartz reactor coupled to
TCD analyser for H2 consumption monitoring. The experiments
ere conducted with 50 mg of catalyst and 30 ml/min flow of

.7 vol.% H2 in Ar. The heating rate was 10 ◦C/min.
.3. Catalysed soot oxidation experiments

Catalytic tests were performed in a thermobalance (TA Instru-
ents, model SDT 2960) with soot:catalyst mixtures of 1:4 weight

atio. Considering that contact between soot and catalyst is a key
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Table 2
Nominal compositions and XPS-determined surface compositions of the catalysts.

Catalyst Y/(Y + Ce + Zr) nominal
atomic ratio

Y/(Y + Ce + Zr) surface
atomic ratio

Ce/(Y + Ce + Zr) nominal
atomic ratio

Ce/(Y + Ce + Zr) surface
atomic ratio

(Ce/Zr) nominal
atomic ratio

(Ce/Zr) surface
atomic ratio

Ce3+ (%)

CeO2 0.00 0.00 1.00 1.00 – – 30.2
Ce0.99Y0.01O2 0.01 0.06 0.99 0.94 – – 29.1
Ce0.94Y0.06O2 0.06 0.17 0.94 0.83 – – 29.5
Ce0.88Y0.12O2 0.12 0.28 0.88 0.72 – – 30.7
Ce0.85Zr0.15O2 0.00 0.00 0.85 0.89 5.7 8.1 31.7
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context, mainly in order to explain the sequence of catalytic activity
discussed below.

The XPS-determined surface atomic ratios of cerium, which are
also included in Table 2 and drawn in Fig. 2, are consistent with
the fact that yttrium is accumulated on the catalysts surface. All
e0.84Zr0.15Y0.01O2 0.01 0.06 0.84
e0.80Zr0.15Y0.05O2 0.05 0.13 0.80
e0.75Zr0.15Y0.10O2 0.10 0.21 0.75

actor in this process [18], experiments in loose and tight contact
onditions were performed. Tests in loose contact simulate the
oot–catalyst contact in a DPF, while experiments in tight contact
llow obtaining wider differences among catalyst activity, being
seful for basic research. For loose contact experiments, soot and
atalyst were mixed with a spatula, while for tight contact tests
oth components were intimately mixed in a mortar. The tempera-
ure was raised at 10 ◦C/min from room temperature until 800 ◦C in
00 ml/min flow of air. The model soot used is a carbon black from
egussa S.A. (Printex-U), whose physico-chemical characterisation
as reported elsewhere [13].

. Results and discussion

.1. Textural and structural properties

The BET surface areas of the catalysts are presented in Table 1.
he low surface area of CeO2 (2 m2/g) is reasonable, considering
hat the samples were prepared by thermal treatment of the nitrate
recursor at high temperature (1000 ◦C). Regardless the yttrium

oading, the surface area remains constant at 2–3 m2/g for all the
atalysts of the Ce1−xYxO2 binary series. On the contrary, Zr4+ dop-
ng avoids in some extent ceria sintering. The BET surface area is
1 m2/g for Ce0.85Zr0.15O2, and the Ce0.85−xZr0.15YxO2 ternary series
resents more or less constant BET values (10–13 m2/g). These
esults suggest that the BET area depends on the synthesis condi-
ions and Zr4+ addition rather than to a particular yttrium loading.
ifferent authors found opposite effects on modifying the textural

tability of ceria by metal doping, either maintaining [8] or increas-
ng [6,19–21] the BET parameter with regard to that of bare ceria.
ery different preparation methods and calcination temperatures
ere reported in these articles leading to a great variety of sur-

ace areas and phase compositions [6,8,19,20]. This divergence in
eported data accounts for the interest of this study, where very
imilar surface areas have been obtained for every series, thus
llowing the analysis of the yttrium loading effect on the structural
nd catalytic properties of the samples.

The surface distribution of yttrium, zirconium and cerium on
he different samples was approached by XPS measurements.
he XPS-determined surface atomic ratios included in Table 2
eveal surface enrichment of yttrium in both series, Ce1−xYxO2
nd Ce0.85−xZr0.15YxO2, since the surface yttrium ratios are higher
han the nominal ones. The yttrium accumulation on surface is
lso observed in Fig. 1, which depicts the XPS-determined sur-
ace yttrium contents in terms of the nominal yttrium ones for the
ifferent catalysts. A linear correlation was found for every series
ith correlation coefficients of 0.9973 and 0.9993 for CexY1−xO2
nd Ce0.85−xZr0.15YxO2, respectively. All the data lie well above the
uxiliary line with unity slope, evidencing yttrium accumulation
n the mixed oxides surfaces. The catalyst surface enrichment with
ttrium could be due to the Y3+ ionic radii (0.102 nm), being smaller
han that of Ce3+ (0.114 nm) but larger than Ce4+ (0.097 nm) [8], thus

F
y

0.82 5.6 6.8 31.4
0.73 5.3 5.2 30.8
0.65 5.0 4.6 30.2

esulting difficult a homogeneous substitution of cerium cations by
ttrium cations. The heterogeneous yttrium distribution seems not
o be motivated by the synthesis procedure used to prepare the
amples, as verified by extracting the same data from XPS surface
nalysis of a Ce0.60Zr0.35Y0.05O2 sample reported by He et al. [20].
or the preparation of the mentioned sample, the co-precipitation
ynthesis route was used, followed by calcination at 550 ◦C. This
ample also presents yttrium enrichment on surface, and its XPS
ata fit the same trends obtained with our samples (see Fig. 1).

From the data in Fig. 1 it is also deduced that the yttrium
ccumulation on surface is more pronounced for the CexY1−xO2
eries (slope of 1.99) than for the Ce0.85−xZr0.15YxO2 series (slope
f 1.66), that is, yttrium incorporation to the Ce–Zr framework
s in somehow favoured with respect to incorporation to a
irconium-free cerium oxide lattice. As discussed afterwards in
he context of Raman and XRD characterisation, the CeO2 lattice
s deformed by Zr4+ doping, which would improve in some extent
he accommodation of Y3+ cations within the Ce–Zr framework. The
eason why yttrium surface enrichment is less pronounced in the
e0.85−xZr0.15YxO2 series than in the Ce1−xYxO2 series could be ten-
atively ascribed to the fact that for the ceria-zirconia system the
ritical radius, that is, the cation size which gives no cell expansion
pon substitution of Zr4+, is very close to that of Y3+ (0.1102 nm)
while, for example, La3+ (0.1180 nm) is an oversized cation) [6,22].
his Y3+ substitution represents a mechanism for the release of the
tress generated by insertion of the smaller Zr4+ into the CeO2 lat-
ice. At the same time, it is responsible for the high oxygen mobility
n the bulk by generating mobile oxygen in the lattice itself. This
ypothesis formulated by Kâspar et al. [7] seems to be valid in this
ig. 1. XPS-determined surface atomic ratios versus nominal atomic ratios of
ttrium for both series of catalysts.
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ig. 2. XPS-determined surface atomic ratios versus nominal atomic ratios of cerium
or both series of catalysts.

he yttrium-containing catalysts present a lower cerium concentra-
ion on surface than that expected considering the nominal values,
nd the data of these catalysts are below the auxiliary line with
lope = 1.00. Conversely, the surface cerium fraction of the sample
e0.85Zr0.15O2 is higher than its nominal ratio, which implies the

ormation of a cerium-rich phase at the periphery of the particles
nd a good incorporation of zirconium into the bulk. The proper
ilution of zirconium on ceria is presumed by the small size of Zr4+

0.084 nm), which is lower than the Ce4+ size (0.097 nm). It is well
nown that the solubility of zirconium in the crystal cell of ceria
s high, and it has been reported that a cubic solid solution (either
or t′′) can be maintained even up to 35 at.% zirconium [7,15]. On

he contrary, other dopants present much lower solubility, being
he case of yttrium, and when the solubility is low, the incorpo-
ation of the dopant may occur only at low concentrations [15].
aking these results into account, it is deduced that yttrium and
irconium exhibit opposite effects on the surface concentration of
erium; while zirconium promotes the formation of cerium-rich
urfaces, yttrium hinders the accumulation of cerium on the sur-
ace. These results must be taken into account when interpreting
he catalytic properties of the mixed oxides in the last section. On
ne hand, CeO2 doping with foreign cations can improve the redox
roperties and catalytic activity of the mixed oxides, as it has been
eported [13,14], but on the other hand, the excessive depletion of
erium on surface would have a negative effect on the catalytic
ctivity since cerium is the active component.

The Ce/Zr surface atomic ratios were also calculated from the
PS spectra and the data obtained are compiled in Table 2 along
ith the counterpart nominal ratios. These data are plotted in

ig. 3. For the Ce0.85Zr0.15O2 sample, the Ce/Zr atomic ratio deter-
ined from XPS (8.1) is much higher than the corresponding

ominal value (5.7). Cerium enrichment on the surface of Ce–Zr
ixed oxides was also observed by other authors. Martínez-Arias

t al. [23] obtained a Ce/Zr surface ratio of 2.6 for a sample
ith nominal composition Ce0.5Zr0.5O2 (nominal ratio = 1) pre-
ared by the microemulsion method. Sun and Sermon [24] also
ound cerium enrichment on ceria–zirconia hydrogels produced by

deposition–precipitation technique using 950 ◦C as calcination
emperature, being the Ce/Zr surface atomic ratio of 0.25 versus a
ominal composition of 0.15.

The yttrium doping also affects the Ce/Zr surface atomic ratio, as
an be seen in Table 2 and Fig. 3. For the sample Ce0.85Zr0.15Y0.05O2,

he surface and nominal Ce/Zr ratios are coincident, and there-
ore, this sample fits the auxiliary line with slope = 1.00. For lower
ttrium loading (sample Ce0.84Zr0.15Y0.01O2) the measured Ce/Zr
urface ratio is higher than the nominal ratio, while for higher
ttrium loading (Ce0.75Zr0.15Y0.10O2) the opposite occurs. This con-

c
[
i
w
d

ig. 3. XPS-determined surface Ce/Zr ratios versus Ce/Zr nominal ratios for the
e0.85−xZr0.15YxO2 series.

rms that yttrium and zirconium have opposite effects on the
ation distribution throughout the mixed oxide particles, zirco-
ium promoting cerium accumulation on surface while yttrium
resenting the opposite effect.

Finally, the Ce3+ (surface) percentages were estimated from XPS
easurements and Table 2 compiles the values obtained. As a

eneral trend, a higher proportion of Ce3+ cations is detected on
he Ce0.85−xZr0.15YxO2 series with regard to CexY1−xO2 series. This
ehaviour is consistent with the literature, and both reducibility
nd segregation effects have been described for Ce–Zr mixed oxides
15]. Surface enrichment in cerium was observed in a high sur-
ace area sample with Ce:Zr ratio = 1:1, accompanied by significant
erium reduction [23].

Structural characterisation of the catalysts was carried out by
eans of XRD. Fig. 4a compiles the X-ray diffraction patterns for the

e1−xYxO2 series and Fig. 4b those for the Ce0.85−xZr0.15YxO2 series.
ll the diffractograms show the peaks characteristic for fluorite-

ype structures, containing the main reflections of a material with
fcc unit cell corresponding to the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and

2 2 2) planes.
The peaks of CeO2 are narrow due to the important sintering

uring calcination at 1000 ◦C. The average crystal size estimated by
he Williamson–Hall’s equation (Table 1) provides a value of 110 nm
or this sample. Ceria doping with Y3+ and/or Zr4+ does not provide
dditional reflections due to non-incorporated Y2O3 and/or ZrO2.

CeO2 doping by Y3+ avoids slightly ceria sintering, and the crystal
izes of the samples of the CexY1−xO2 series gradually decrease from
01 to 90 nm with the yttrium loading, proving its stabilising effect
gainst ceria sintering in the whole concentration range studied.
he heterogeneous metal distribution on the Ce1−xYxO2 samples
nd the smaller crystal size of these mixed oxides with regard to
are CeO2 are in good agreement with the thermal stabilisation
ffect observed by Kubsch et al. [25] in mixed oxides prepared by
he co-precipitation method. CeO2 doping with a 5% M3+ cations
M3+ = La3+, Nd3+ and Y3+, all these cations being larger than Ce4+)
ignificantly stabilised CeO2 with respect to high temperature cal-
ination by formation of solid solution, and M3+ surface enrichment
as measured for these samples [25]. A common mechanism was
roposed to explain this behaviour, consisting of stabilising ceria
ith these trivalent dopants by a surface M3+ enrichment that hin-
ers ceria crystallite growth under oxidising conditions. Surface
egregation of low-valence cations together with oxygen vacancies
reation is energetically favoured and may stabilise the particles

25,26]. The creation of oxygen vacancies may also account for the
mprovement in catalytic activity towards soot combustion, as it

ill be discussed later. In spite of segregation of phases is not
irectly deduced from our XRD patterns (Fig. 4a), the possibility
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both by textural and structural properties of the samples.
ig. 4. X-ray diffractograms of catalysts: (a) Ce1−xYxO2 series and (b)
e0.85−xZr0.15YxO2 series.

hich cannot be ruled out is the dispersion of YOx on the surface
f CeO2 without forming solid solution. This segregation of phases
ould become more important as the yttrium loading increases

rom 0.01 to 0.1, and is consistent with the yttrium-rich surfaces
etected by XPS analysis (see Table 2 and Fig. 1). The same conclu-
ion was previously reported by Krishna et al. [8] for CeO2 doped
y 10% samarium or yttrium.

The crystal sizes included in Table 1 indicate that Zr4+ dop-
ng also prevents ceria sintering, as previously reported [15], and
e0.85Zr0.15O2 presents a crystal size of 93 nm versus 110 nm of
eria. The insertion of Zr4+ into the CeO2 lattice remarkably modi-
es the sintering process and the retarding effects on the sintering
ate due to Zr4+ addition are neatly detected by XRD technique [27].

The XRD peaks of the samples containing both zirconium and
ttrium are significantly broader and their intensities are lower
han those of CeO2, Ce0.85Zr0.15O2 and Ce1−xYxO2. This is related
o the smallest crystal sizes (around 45–51 nm) of the samples of
he ternary series Ce0.85−xZr0.15YxO2, and is consistent with the
bserved yttrium enrichment on the surface of these samples, thus
voiding crystal sintering.

Raman spectroscopy has been used to complete the structural
haracterisation of the samples. Fig. 5a shows the Raman spectra
or the Ce1−xYxO2 series and Fig. 5b those for the Ce0.85−xZr0.15YxO2
eries. The Raman spectrum of bare CeO2 features a single band
entred at 465.8 cm−1 that corresponds to the only allowed Raman
ode (F2g) of the fluorite-type structures. In contrast to XRD, which
llows determining just cation sublattice symmetry, the Raman
pectra provide information about oxygen anions position and
eflect the oxygen lattice vibrations, being sensitive to crystalline
ymmetry [28].

p
t
c

ig. 5. Raman spectra of catalysts: (a) Ce1−xYxO2 series and (b) Ce0.85−xZr0.15YxO2

eries.

Ceria doping by 0.01 yttrium atomic fraction leads to the F2g
and intensity decrease because of the framework deformation
Fig. 5a), which is in agreement with the XRD data. The F2g band
s progressively seen more attenuated as the Y3+ loading increases,
ut without peak position shift. It has been reported [6] that the
eformation induced by the dopants favours oxygen mobility.

The incorporation of Zr4+ into the ceria lattice also produces a
tructural distortion, as inferred by the decrease in the F2g band
ntensity of the zirconium-containing samples regarding to CeO2
Fig. 5b). From the comparison of the decrease in the band inten-
ities of Ce0.88Y0.12O2 and Ce0.85Zr0.15O2 with regard to bare CeO2
s deduced that Y3+ affects the oxygen vibration more than Zr4+

oes. As mentioned, CeO2 doping by Y3+ doping requires oxygen
emoval from mixed oxide structure and creation of vacant sites
o maintain the net zero charge of the frame. On the contrary, the
istortion of oxygen vibrations by Zr4+ doping is mainly a matter
f cationic sizes, and thus, it has less effect on vacant creation than
3+. From a qualitative point of view, the introduction of Y3+ in the
e–Zr mixed oxide (Fig. 5b) does not produce such an important
ecline in the band intensity as Y3+ doping does in ceria (Fig. 5a).

.2. Redox properties

H2-TPR experiments were performed to analyse the reducibility
f the catalysts, and the H2-consumption profiles obtained are plot-
ed in Fig. 6. As observed, the TPR behaviour appears to be governed
It is generally accepted that the reduction profile of CeO2
resents two peaks attributed to the surface and bulk Ce4+ reduc-
ion [19], respectively. In Fig. 6, only the bulk reduction peak
entred at 840 ◦C is observed for the catalyst CeO2, and the surface
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for the catalytic activity, much more than their chemical nature or
surface status (vacant sites concentration, yttrium and cerium sur-
face concentration, or oxygen mobility). In loose contact conditions
the BET surface area of the catalyst plays the most important role

Table 3
Temperature for 50% soot conversion (T50%) in soot oxidation tests.

Catalyst T50% (◦C) loose contact T50% (◦C) tight contact

CeO2 605 575
Ce0.99Y0.01O2 604 540
Ce0.94Y0.06O2 604 545
Ce0.88Y0.12O2 604 564
Fig. 6. H2-consumption profiles during H2-TPR experiments.

eduction peak is not detected in accordance with the low surface
rea of this sample (2 m2/g). An identical profile is obtained with
he sample Ce0.99Y0.01O2, suggesting that the incorporation of a
ery low amount of yttrium does not influence the bulk reduction
rocess. The position of the bulk reduction peak shifts slightly from
40 ◦C for CeO2 and Ce0.99Y0.01O2 to 815 ◦C for Ce0.94Y0.06O2 and
e0.88Y0.12O2, indicating that a minimum yttrium level (between
.01 and 0.06) is necessary to obtain a moderate improvement in
he bulk reduction. Vidmar et al. [6] found similar trends when
omparing the reduction behaviour of Ce0.6Zr0.4−xYxO2−x/2 sam-
les, reporting that the shape in the TPR profile was not modified
y doping with 1 mol% in Y3+, and by increasing the Y3+ content up
o 5 mol%, the maximum of the bulk reduction peak shifted down
6 ◦C, in agreement with our results.

The zirconium-containing samples show two H2-consumption
eaks, the bulk reduction peak centred around 800–850 ◦C,
epending on the sample, and another peak around 500–625 ◦C due
o surface reduction. This is in agreement with the higher surface
rea of the zirconium-containing catalysts (10–13 m2/g) in contrast
ith those without zirconium (2–3 m2/g). Taking a close look to the
2-consumption profiles of the zirconium-containing samples it is
ossible to realise that there is consumption of H2 in the range
f temperatures between the peaks attributed to surface and bulk
eduction. This means that both processes do not occur indepen-
ently to each other, but the bulk oxygen is pumped out to the
urface as the surface oxygen is depleted, and is a good evidence
f the oxygen mobility within the lattice. It has been calculated
rom atomistic simulation that the energy for the Ce4+ reduction
o Ce3+ in CexZr1−xO2 solid solutions is comparable to that calcu-

ated for the CeO2 surface [29]. Certain oxygen mobility can be
nferred from the H2-consumption profiles of the Ce0.85Zr0.15O2
nd Ce0.84Zr0.15Y0.01O2 samples, and this mobility is enhanced for
e0.80Zr0.15Y0.05O2 and Ce0.75Zr0.15Y0.10O2 suggesting a synergetic
ffect of Zr4+ and Y3+ doping in this behaviour.

C
C
C
C

T

ig. 7. Soot conversion profiles versus temperature for Ce1−xYxO2 series: (a) tight
ontact and (b) loose contact.

.3. Catalytic activity and overall discussion

The soot conversion profiles corresponding to the catalytic
ests performed with the series Ce1−xYxO2 and Ce0.85−xZr0.15YxO2
re included in Figs. 7 and 8, respectively. In both cases, experi-
ents in soot–catalyst tight contact (Figs. 7a and 8a) and loose

ontact (Figs. 7b and 8b) are compared. In Table 3, the tempera-
ures at which a 50% of soot is consumed in each experiment are
ompiled.

Remarkable differences are observed between the profiles in
ig. 7a and b. Under the loose contact mode (Fig. 7b) the four cata-
ysts behave in the same manner, according to their similar and low
urface areas (2–3 m2/g). When the contact between soot and cat-
lyst is poor, only the number of contact points seems to be crucial
e0.85Zr0.15O2 597 471
e0.84Zr0.15Y0.01O2 593 456
e0.80Zr0.15Y0.05O2 597 470
e0.75Zr0.15Y0.10O2 595 470

50% for uncatalysed reaction = 613 ◦C.
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ig. 8. Soot conversion profiles versus temperature for Ce0.85−xZr0.15YxO2 series: (a)
ight contact and (b) loose contact.

n the catalytic activity for soot combustion, as reported by other
uthors [8].

Performing the reactions under tight contact is interesting in
rder to screen the efficiency of the catalysts and establishing cor-
elations with their physico-chemical features. As shown in Fig. 7a,
ll the Ce1−xYxO2 catalysts are more active than bare CeO2, and
e0.99Y0.01O2 is the most active catalyst of this series decreasing the
50% temperature by 73 and 35 ◦C with regard to the uncatalysed
nd CeO2-catalysed reactions, respectively. The catalytic activity
f Ce0.94Y0.06O2 is only slightly lower to that of Ce0.99Y0.01O2, but
ncreasing the yttrium atomic ratio to 0.12 has a negative effect on
he activity with respect to lower yttrium loading. This trend in
ctivity can be understood according to the surface composition of
he Ce1−xYxO2 samples. As deduced from XPS, yttrium is mainly
ccumulated at the particles surface, and a progressive decrease
f the cerium amount on surface occurs by increasing the yttrium
oading. This surface cerium depletion would explain the decrease
n activity taking into account that cerium is the active component
f the mixed oxide. The benefit of a very low yttrium dosage can be
xplained due to solid solution formation with M3+ surface segre-
ation together with creation of oxygen vacancies. In summary, the
ole of yttrium on the catalytic activity of ceria depends on its load-
ng. 0.01–0.06 loading has a positive effect on the activity because
f the formation of a solid solution that enhances the cerium activ-
ty, but higher loading (0.12) is less effective because yttrium is

ainly accumulated at the surface of the particles, leaving a lower

roportion of cerium available to catalyse the soot oxidation reac-
ion.

It is worth mentioning that the improvement in redox properties
or the ceria–catalysts with the highest dopant contents (mani-
ested by a shift in the bulk reduction peak from 840 to 815 ◦C in
sis A: Chemical 300 (2009) 103–110 109

he H2-TPR experiments) seems not to affect positively the soot
xidation rate. On the contrary, the activity decreases following
he order: Ce0.99Y0.01O2 > Ce0.94Y0.06O2 � Ce0.88Y0.12O2 > CeO2 (see
ig. 7a), suggesting that a very low dosage of trivalent cation is
nough to reach the maximum activity for soot combustion under
hese experimental conditions. Other important fact contributes to
xplain this trend characterised by a lack of correlation with the
2-TPR results: the catalyst bulk reduction takes place at high tem-
eratures, and hence, the bulk is not involved in the soot oxidation
rocess (occurring below 700 ◦C). This asseveration was reported
y Krishna et al. [8] for a series of ceria catalysts doped with differ-
nt rare earth cations.

The behaviour of the Ce0.85−xZr0.15YxO2 catalysts (Fig. 8)
resents differences in comparison with the Ce1−xYxO2 binary
eries (Fig. 7), and as a general trend, all the zirconium-containing
atalysts are more active than those without zirconium. The
irconium-containing samples decreased the T50% temperature by
50 and 20 ◦C approximately, for tight and loose contact conditions,
espectively, with respect to the uncatalysed combustion.

The enhanced activity of the catalysts with zirconium is a con-
equence of their higher BET surface area and improved redox
roperties (enhanced oxygen mobility and surface reducibility)

n comparison with zirconium-free catalysts. The BET area of the
irconium-containing catalysts ranges from 10 to 13 m2/g, and
nsures a better soot–catalyst contact than the 2–3 m2/g of the
e1−xYxO2 catalysts. This is supported by the fact that the differ-
nces among the catalytic activity of the samples with composition
e0.85−xZr0.15YxO2 are minor, while important differences in the
urface composition and redox properties of these samples were
escribed in the previous sections. In conclusion, for the mixed
xides with formulation Ce0.85−xZr0.15YxO2, the effect of zirco-
ium on the catalytic activity prevails with respect to the effect
f yttrium.

. Conclusions

In this study, the physico-chemical properties and the catalytic
ctivity for soot oxidation of Ce1−xYxO2 and Ce0.85−xZr0.15YxO2
ixed oxides have been analysed and the following main conclu-

ions can be summarised:

The XPS characterisation showed that yttrium is accumu-
lated at the surface of the particles of both Ce1−xYxO2 and
Ce0.85−xZr0.15YxO2, and this surface enrichment by yttrium
is more pronounced for the CexY1−xO2 series than for the
Ce0.85−xZr0.15YxO2 series. Yttrium incorporation to the Ce–Zr
framework seems to be favoured with respect to its incorporation
to a zirconium-free cerium oxide lattice because of the deforma-
tion of the lattice due to zirconium doping, as deduced by XRD
and Raman.
Yttrium and zirconium exhibit opposite effects on the surface
concentration of cerium; while zirconium promotes the forma-
tion of cerium-rich surfaces, yttrium hinders the accumulation of
cerium on the surface.
For experiments in tight contact between soot and catalyst, all
the Ce1−xYxO2 catalysts are more active than bare CeO2, and
Ce0.99Y0.01O2 is the most active catalyst. The benefit of yttrium
doping in catalytic activity of ceria can be related to two facts:
(i) the Y3+ surface enrichment hinders crystallite growth; (ii) the
surface segregation of Y3+ promotes oxygen vacancies creation.

High yttrium loading (x = 0.12) is less effective than low dosage
(x = 0.01) because yttrium is mainly accumulated at the surface
of the particles and hinders the participation of cerium in the
soot oxidation reaction, which is the active component. For the
mixed oxides with formulation Ce0.85−xZr0.15YxO2, the effect of
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zirconium on the catalytic activity prevails with respect to that
of yttrium.
For experiments in loose contact between soot and catalyst, the
catalytic activity depends on the BET surface area of the catalyst,
and the catalysts Ce0.85−xZr0.15YxO2 (BET = 10–13 m2/g) are more
active than the catalysts Ce1−xYxO2 (BET = 2–3 m2/g). In the loose
contact mode, the yttrium doping and loading have a minor or
null affect on the activity, and the stabilising effect of the BET
area due to zirconium doping prevails.
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