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Abstract

In this article, we review a series of studies that use synchrotron-based techniques (high-resolution photoemission, time-resolved X-
ray diffraction (XRD), and X-ray absorption near-edge spectroscopy) to investigate the physical and chemical properties of Ce1−xZrxO2
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anoparticles and Ce1−xZrxO2(1 1 1) surfaces (x≤ 0.5). CeO2 and Ce1−xZrxO2 particles in sizes between 4 and 7 nm were synthesized
novel microemulsion method. The results of XANES (O K-edge, Ce and Zr LIII -edges) indicate that the Ce1−xZrxO2 nanoparticles an
e1−xZrxO2(1 1 1) surfaces have very similar electronic properties. For these systems, the lattice constant decreased with inc
ontent, varying from 5.4̊A in CeO2 to 5.3Å in Ce0.5Zr0.5O2. Within the fluorite structure, the Zr atoms exhibited structural perturbation

ed to different types of Zr–O distances and non-equivalent O atoms in the Ce1−xZrxO2 compounds. The Ce1−xZrxO2 nanoparticles were mo
eactive towards H2 and SO2 than the Ce1−xZrxO2(1 1 1) surfaces. The Ce1−xZrxO2(1 1 1) surfaces did not reduce in hydrogen at 300◦C. At
emperatures above 250◦C, the Ce1−xZrxO2 nanoparticles reacted with H2 and water evolved into gas phase. XANES showed the gene
f Ce3+ cations without reduction of Zr4+. There was an expansion in the unit cell of the reduced nanoparticles probably as a conseq
partial Ce4+ → Ce3+ transformation and the sorption of hydrogen into the bulk of the material. S K-edge XANES spectra pointed to4 as

he main product of the adsorption of SO2 on the Ce1−xZrxO2 nanoparticles and Ce1−xZrxO2(1 1 1) surfaces. Full dissociation of SO2 was see
n the nanoparticles but not on the Ce1−xZrxO2(1 1 1) surfaces. The metal cations at corner and edge sites of the Ce1−xZrxO2 nanoparticle
robably play a very important role in interactions with the H2 and SO2 molecules.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Ceria (CeO2) is an oxide with important applications in
he control of environmental pollution[1,2]. One of the major
fforts of environmental cleanup is focused on controlling the
mission of toxic pollutants produced during the combustion
f fuels in factories, power plants and automotive engines

1–3]. The so-called three-way catalysts (TWC’s) are com-
only used to reduce the emissions of CO, NOx and hy-
rocarbons from automobile exhaust[3,4]. Due to its redox
roperties, CeO2 is a key component in these catalysts[2,3,5].

∗ Corresponding author. Tel.: +1 516 2822246; fax: +1 516 2825815.
E-mail address:rodrigez@bnl.gov (J.A. Rodriguez).

Ceria-supported noble-metal catalysts are capable of st
oxygen under oxidizing conditions and release oxygen
der reducing conditions via the facile conversion betw
Ce4+ and Ce3+ oxidation states[5]. Furthermore, ceria-bas
materials are also utilized in sorbents or catalysts for th
struction of SO2 (DeSOx operations)[6,7]. Oxygen anion
vacancies in ceria are considered to play an essential r
catalytic reactions[5–11]. The energetics of O vacancy c
ation/filling can be altered after doping ceria with a sec
metal[11–13].

The CeO2–ZrO2 system is one of the most studied mix
metal oxides in the literature due to its important role in
operation of automotive catalysts[1–5]. To enhance the r
dox properties and thermal stability of pure ceria, zirco

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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(ZrO2) is often mixed as an additive to form solid solutions
of the Ce1−xZrxO2 type (x≤ 0.5)[5,12]. Typically, cations are
randomly distributed in a fluorite-type subcell, whereas the
total symmetry is governed by the anion subcell[5,12]. For
these materials, tetragonal and cubic structures are possible
[5,12,14]. The focus has been on examining possible correla-
tions between the CeO2 ↔ ZrO2 interactions and differences
in the behavior of Ce1−xZrxO2 and CeO2. The mechanisms
for the doping effects of Zr remain uncertain and are still a
matter of debate. It has been suggested that ceria structural
modifications mediated by zirconia and zirconia-stabilized
defects in ceria are responsible for the enhanced oxygen-
storage capacity of ceria–zirconia mixed oxides[12,15,16].
Contributions from “electronic effects” (i.e. modifications
in the chemical properties of the metal cations as a con-
sequence of electronic perturbations) have been frequently
dismissed, although it is clear that they cannot be ruled out
[8,13].

Nano structures of oxides can have special chemical
properties due to size-induced structural distortions and the
presence of O vacancies[18]. This is an issue that needs
further investigation. Recent studies have shown that
nanoparticles of Ce1−xZrxO2 can be prepared by a novel
microemulsion method that leads to highly homogeneous
materials in terms of chemical composition (i.e. Ce, Zr
d zes
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The time-resolved X-ray diffraction results shown in
Section3 were collected on beam line X7B of the National
Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory (BNL)[17,25]. Investigations at BNL have estab-
lished the feasibility of conducting subminute, time-resolved
XRD experiments when combining the high intensity of syn-
chrotron radiation and new parallel data-collection devices
[25]. A MAR345 detector was used to record the in situ XRD
data. The typical time required for collecting an individual
diffraction pattern was in the range of 0.5–2 min. The powder
rings were integrated using the FIT2D code[26]. Rietveld re-
finements were performed with the program GSAS[27,28].
In this work, a whole profile refinement with the commercial
Reflex package provided by Accelrys was employed to
obtain the particle sizes, cell dimension, and lattice strain
[18,31]. Here lattice strain was determined from the variation
of peak width, and is an estimation of the stress, produced by
imperfections and defects, in the crystal structure[29–31].

The photoemission studies described in Section3 were
performed in a ultrahigh-vacuum (UHV) chamber that forms
part of the U7A beamline in the NSLS[8,21]. The UHV
chamber (with a base pressure of∼ 5× 10−10 Torr) is fitted
with a hemispherical electron energy analyzer with multi-
channel detection, optics for low-energy electron diffraction
(LEED), a residual gas analyzer (SRS-RGA), and a twin (Mg
K lu-
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istribution), having a narrow distribution of particle si
19,20]. The catalysts prepared in this way are very us
or studying the thermal stability of the Ce1−xZrxO2 system
nd aging treatments at high temperature[4,19,20]. In this
rticle, we review a series of studies that use synchro
ased techniques (high-resolution photoemission[8,21],

ime-resolved X-ray diffraction (XRD)[17] and X-ray ab
orption near-edge spectroscopy[8,17]) to investigate th
tructural and electronic properties of Ce1−xZrxO2 nanopar
icles and Ce1−xZrxO2(1 1 1) surfaces. The chemisorption

2 and SO2 are used to examine the chemical propertie
he Ce1−xZrxO2 systems. The study has practical appl
ions as hydrogen is one of the reducing agents prese
xhaust gases of automotive engines[1–3]. It is known tha
dsorption of SO2 affects the performance of TWC’s used
ontrol emissions of CO and NOx [22] and, on the other han
eria-based catalysts are highly active for DeSOx operations
6,7].

. Experimental methods

To prepare the Ce1−xZrx O2 nanoparticles and Ce1−xZrx
2(1 1 1) surfaces, we followed methods previously repo

n the literature[19,20,23,24]. A microemulsion metho
19,20] was used to synthesize nanoparticles with in
e:Zr atomic ratios of 9:1, 2:1 and 1:1 in the reac
ixtures[17]. Ce1−xZrxO2(1 1 1) (x= 0.1, 0.2 or 0.3) thi

lms (500–700̊A in thickness) were grown on a Y-stabiliz
rO2(1 1 1) surface by oxygen-plasma assisted molec
eam epitaxy[23,24].
� and Al K�) X-ray source. The combined energy reso
ion in the photoemission spectra was 0.3–0.4 eV[8,21].

The Ce and Zr LIII -edge and S K-edge XANES spe
ra presented in Section3 were collected at the NSLS o
eam line X19A in the “fluorescence-yield mode” usin
oomerang-type flat crystal monochromator and a sp
eaction cell with a modified Stern–Heald–Lytle dete
7,8,17]. Beamline U7A was utilized to record the O K-ed
pectra. This beamline is equipped with a toroidal-sphe
rating monochromator. The O K-edge spectra were tak

he “electron-yield mode” by using a channeltron multip
ocated near the sample surface[8,17]. The energy resolutio
t the LIII (Ce or Zr) and K (S or O) edges was close to 0.5

. Results

.1. Structural properties of the Ce1−xZrxO2 systems

Fig. 1 shows the structure of an ideal Ce1−xZrxO2(1 1 1)
urface (x< 0.4). The top layer consists of O atoms, but wit
his layer there are holes that expose the Ce or Zr catio
he second layer. The Ce1−xZrxO2(1 1 1) thin films used i
he present study possess a pure and single-crystalline
nd these surfaces are oxygen-terminated and well orde
videnced by the results of several techniques for struc
haracterization (reflection high-energy electron diffract
ow-energy electron diffraction, X-ray photoelectron diffr
ion, X-ray diffraction, and Rutherford backscattering sp
roscopy and channeling)[8,23,24]. In the Ce1−xZrxO2(1 1 1)
hin films and the Ce1−xZrxO2 nanoparticles, the Ce↔ Zr ex-
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Fig. 1. Top and side views of an oxygen-terminated Ce1−xZrxO2(1 1 1) sur-
face (x< 0.4). The large spheres represent O atoms, and the small spheres
correspond to Ce or Zr atoms in a solid solution.

change led to a decrease in the lattice constant of the oxide
[8,17,23], in agreement with reported XRD results for bulk
powders of these compounds[32].

Fig. 2 shows time-resolved XRD results obtained after
heating a sample of Ce0.9Zr0.1O2 nanoparticles from 25 to
1000◦C [17]. When the temperature is raised, the diffraction
lines clearly gain intensity and become better defined. No
phase transformation is visible. These changes are a conse
quence of an increase in the size of the particles (sintering)
at temperatures above 500◦C. This process was irreversible.
Similar results were found for Ce0.66Zr0.33O2 nanoparticles.

F -
c

From the width of the diffraction lines, one can get a
reasonable estimate of the average size of the CeO2 and
Ce1−xZrxO2 nanoparticles[29–31]. The top panel inFig. 3
displays changes in size as a function of Zr concentration and
temperature. Data for a limited number of temperatures have
been published in ref.[17], but the corresponding new set in
Fig. 3is more extensive and the analysis of the XRD patterns
was performed utilizing a more sophisticated approach (see
Section2) [31]. Initially, the particles have a size in the range
of 5–7 nm. The size of the pure CeO2 nanoparticles (∼ 7 nm)
is comparable to that obtained recently using a different syn-
thetic method[14]. A similar size can be determined from
images of transmission electron microscopy (TEM), which
also show that there is no preferential orientation for the sur-
face of the nanoparticles[18–20]. Around 600◦C, the size of
the CeO2 particles starts to increase and by 1000◦C is close to
25 nm. For the Ce1−xZrxO2 systems the sintering also starts
near 600◦C, but the magnitude of the size increase seems to
diminish when the content of Zr is raised[17]. The “extra”
thermal stability could be a consequence of more dense pack-
ing of the atoms in the unit cell of the compound[17,31]. The
trends in the top panel ofFig. 3are important and consistent
with the fact that the addition of zirconia to ceria enhances
the thermal stability of automotive catalysts[2,4,15,32].

The strain in the Ce1−xZrxOy, nanoparticles as a function
o anel

Fig. 3. Effects of heating on the size (top panel) and strain parameter of a
series of Ce1−xZrxO2 (x= 0, 0.1, 0.33) nanoparticles.
ig. 2. Time-resolved XRD data for the heating of Ce0.9Zr0.1O2 nanoparti
les in air. Heating rate = 4.8◦C/min.λ = 0.8941Å.
-

f Zr content and temperature is shown in the bottom p
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of Fig. 3. Under ideal circumstances, the Bragg peaks in a
powder diffractogram should appear as narrow well-defined
symmetrical peaks. There are a number of sources of dis-
tortion that can result in significant peak broadening and
asymmetry. The three main contributions to the line shape in-
clude instrumental broadening, crystalline size broadening,
and strain broadening. Strain is a measurement of the lat-
tice stress existing in the materials because of surface effects
(differences in local symmetry and distances with respect to
the bulk) and/or the crystal imperfections (O vacancies, other
point defects, line defects and plane defects)[33]. Pure ceria
nanoparticles exhibit a larger lattice strain when compared
to bulk CeO2. Clearly, the introduction of an alien species
like Zr leads to extra forces that increase the strain in the
lattice of the nanoparticles. There are important defect con-
tributions to the strain that can be eliminated by annealing at
high temperature and inducing sintering of the nanoparticles
[34].

3.2. Electronic properties of the Ce1−xZrxO2 systems

The results of XANES (O K-edge, Ce and Zr LIII -
edges) indicate that the Ce1−xZrxO2 nanoparticles and
Ce1−xZrxO2(1 1 1) surfaces have very similar electronic
properties[8,17]. The spectra for the Ce LIII -edge of the
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Fig. 4. Zr LIII -edge XANES spectra for bulk ZrO2 and Ce1−xZrxO2 nanopar-
ticles.

and 5d–t2g in pure CeO2 are related to electronic transitions
from the O 1s core levels to the empty cerium 4f, 5deg, and
5dt2glevels, respectively[7,8]. The O K-edge spectrum of
ZrO2 comes mainly from O 1 s→ Zr(4d) electronic transi-
tions[18], and the two main peaks reflect the splitting of the
Zr 4d orbitals into levels with eg and t2gsymmetry[36]. The O
K-edge spectra of the Ce1−xZrxO2 nanoparticles significantly
change as a function of Zr doping. They exhibit features that
match very well those found for Ce1−xZrxO2(1 1 1) surfaces
[8]. The O K-edge spectra of Ce1−xZrxO2 compounds have
a distinctive line shape that cannot be attributed to a sum of
CeO2 and ZrO2 peaks. This is consistent with the results of
DF calculations[8,17], which show CeO and Zr O bond
distances in Ce1−xZrxO2 not seen in the isolated oxides (i.e.
some O atoms are in a special chemical environment).

Fig. 6 displays a series of valence band spectra for
polycrystalline CeO2, Ce0.8Zr0.2O2(1 1 1) and Y-stabilized
ZrO2(1 1 1)[8]. Fig. 6A shows the typical valence spectrum
of pure ceria[37]. For the fully oxidized CeO2, no photoe-
mission peaks exist between 0 and 4 eV within the band gap.
e1−xZrxO2 systems showed energies and the line shap
orted for bulk CeO2 [8,17]. Thus, the doping with Zr di
ot induce formation of a significant amount of Ce3+. This is
onsistent with results of XRD for the nanoparticles, wh
how that the oxygen occupancy is essentially 100% (i.
vacancies)[17,31], and with XPS and photoemission d

or the Ce1−xZrxO2(1 1 1) surfaces[8].
Fig. 4 displays Zr LIII -edge spectra for bulk ZrO2 and

e1−xZrxO2 nanoparticles. The corresponding spectra fo
e1−xZrxO2(1 1 1) surfaces are not shown, because they
ery similar to those of the nanoparticles[8,17]. At the tem-
erature in which the spectra were acquired (∼ 25◦C), a
onoclinic crystal structure is the thermodynamically
le phase for ZrO2 [8,35]. The Zr LIII -edge of this oxid

s characterized by four distinctive features. The two m
nes (a and b) correspond to electronic transitions from
ccupied Zr 2p orbitals to the empty Zr 4d orbitals wh
re split into orbitals with t and e symmetry[36]. In oxides

he relative intensity of the a and b peaks depends stro
n the chemical environment around the Zr cations[36]. In

he Ce1−xZrxO2 systems, the Zr atoms are in a pseudo-c
nvironment[8,17] and the relative intensity of the b pe

s stronger than observed for monoclinic ZrO2 or for tetrag-
nal Zr-doped Y2O3 [36]. The a and b peak separation
e0.9Zr0.1O2 is ∼ 0.25 eV larger than in ZrO2. As the con
entration of zirconium in Ce1−xZrxO2 increases, the Zr LIII -
dge line shape changes and becomes closer to that i
rO2 (bottom ofFig. 4).

Fig. 5 shows O K-edge XANES spectra for a series
e1−xZrxO2 nanoparticles[17], including reference spect

or bulk ZrO2 and CeO2. The features labeled 4f, 5d–g,
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Fig. 5. O K-edge XANES spectra for bulk ZrO2, Ce1−xZrxO2 nanoparticles,
and bulk CeO2.

The same is valid for the stoichiometric Ce1−xZrxO2 oxides
[8,21]. Oxygen vacancies can be created by ion sputtering the
Ce1−xZrxO2(1 1 1) surfaces[8,21] or by reducing in hydro-
gen the Ce1−xZrxO2 nanoparticles[17]. The existence of O
vacancies induces a new peak in the valence region (centered
at ∼2 eV, seeFig. 6). This peak is a Ce3+-ion-derived level,
related to occupied Ce 4f1 electronic states[37], and has a
big impact on the chemical properties of the Ce1−xZrxO2−y
compounds[5,8,21].

3.3. Chemical properties of the Ce1−xZrxO2 systems

3.3.1. Reaction with hydrogen
In many situations, oxide catalysts are activated by partial

reduction in hydrogen[38]. Hydrogen is one of the reducing
agents in automotive exhaust gases[2,5]. The deviation
of bulk ceria from its ideal CeO2 composition has been
extensively studied by temperature-programmed reduction
(TPR) with hydrogen[39,40]. Similar experiments have also
been carried out for bulk Ce1−xZrxO2 [4,5,32]. We found that
CeO2(1 1 1) and Ce1−xZrxO2(1 1 1) surfaces (x< 0.4) have
a very low reactivity towards H2. Fig. 7 shows typical pho-
toemission data for the interaction of a Ce1−xZrxO2(1 1 1)
surface with hydrogen. In a reaction cell attached to a UHV

Fig. 6. Typical valence-band photoemission spectra for: (A) CeO2 and CeO2−x; (B) C
ZrO2−x(1 1 1).
e0.8Zr0.2O2−x(1 1 1) with different defect populations, and (C) Y-stabilized
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Fig. 7. O 1s/Ce 3d XPS ratio for a Ce0.8Zr0.2O2(1 1 1) crystal and a rough
Ce0.8Zr0.2O2 film exposed to hydrogen (5 Torr of H2, 300◦C) for different
periods of time (see text).

chamber[41], the oxide surfaces were exposed to 5 Torr of
H2 at 300◦C for a given period of time. Then, the cell was
pumped down (< 5× 10−7 Torr) and the samples were trans-
ferred into the UHV chamber to measure the relative intensity
of the O 1s and Ce 3d core levels. The data showed that at
300◦C essentially there was no reduction of the CeO2(1 1 1)
and Ce1−xZrxO2(1 1 1) surfaces. On the other hand, O
removal was detected when similar experiments were done
with rough films of CeO2 or Ce1−xZrxO2 (seeFig. 7) and
with Ce1−xZrxO2 nanoparticles. The presence of defects or
imperfections in the surface of an oxide facilitates the reac-
tion with hydrogen and the removal of O as gaseous water
[41,42].

We investigated the partial reduction of the Ce1−xZrxO2
nanoparticles in a flow reactor using in situ time-resolved
XRD and XANES[17]. Fig. 8 displays diffraction patterns
obtained after heating Ce0.9Zr0.1O2 nanoparticles from 25 to
1000◦C under a 5% H2/95% He stream (20 cm3/min). As
the temperature increases, there is a narrowing of the diffrac-

F -
c

Fig. 9. Variations in cell dimension (Å) during annealing in air (top panel)
and H2-TPR (bottom panel) for a series of nanoparticles: Ce0.5Zr0.5O2,
Ce0.66Zr0.33O2, Ce0.90Zr0.10O2, and CeO2. In the H2-TPR experiments, the
samples were heated under a flow (20 cm3/min) of a 5% H2/95% He mixture.
Heating rate = 5.9◦C/min.

tion peaks together with a clear shift in position. The nar-
rowing indicates sintering of the nanoparticles (see above)
and the shift to the lower angle in 2θ is a consequence of
an expansion in their unit cell as a result of introducing O
vacancies and/or sorbing hydrogen during the reduction pro-
cess[17,39,40]. Water evolution was observed with a mass
spectrometer located at the exit of the reaction cell[17]. Sim-
ilar trends were observed in the corresponding XRD data for
nanoparticles of CeO2, Ce0.5Zr0.5O2 and Ce0.66Zr0.33O2. The
diffraction results did not show the formation of reduced ox-
ides with the crystal structures of CeO1.71 or Ce2O3 [17,31].
However, XANES measurements at the Ce LIII -edge gave
spectra with the line shape expected for a mixture of Ce4+

and Ce3+ [17,43]. Interestingly, there was no reduction of the
Zr4+ cations[17].

The bottom panel inFig. 9 shows how the size of the
unit cell of Ce1−xZrxO2 nanoparticles changes as a function
of temperature when they are reduced in hydrogen. The cell
expansions are much larger than seen during simple heating
(compare to data in top panel of the figure)1 as a consequence

1 The cell dimensions obtained here taking into consideration asymme-
try effects[31] are a little bit different (0.01–0.04̊A) from those obtained
ig. 8. Time-resolved XRD data for the heating of Ce0.9Zr0.1O2 nanoparti
les under a flow of 5% H2/95% He. Heating rate = 5.9◦C/min.λ = 0.9034Å.
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of a chemical reaction (Ce3+ formation) and the sorption of
hydrogen[17]. Substantial increases in cell dimension oc-
cur from 300 to 500◦C, and from 600 to 900◦C. It is clear
that the CeO2 nanoparticles exhibit the lowest reactivity to-
wards H2 in Fig. 9. This agrees with trends found in H2-TPR
experiments for bulk CeO2 and Ce1−xZrxO2 [44], and it is
frequently linked to the improvement in oxygen-storage ca-
pacity seen in Zr-doped ceria[45]. During the oxygen release
process, there is stress in the oxide lattice as a consequence
of the difference in atomic size of Ce4+ (0.97Å) and Ce3+

(1.14Å) [46]. The introduction of relatively small Zr4+ ions
(0.84Å) into the ceria framework could compensate the vol-
ume increment, and ease the valence change (Ce4+ → Ce3+)
and reduction process in Ce1−xZrxO2 [45,46].

3.3.2. Adsorption and dissociation of SO2
Ceria-based catalysts can be very useful for the destruc-

tion of SO2 [6,7]. On the other hand, the SO2 formed dur-
ing the combustion of fuels in automotive engines can affect
the performance of the CeO2 or Ce1−xZrxO2 present in cat-
alysts used for reducing CO and NOx emissions[22]. The
species responsible for ceria deactivation is mainly attributed
to cerium sulfate, which blocks the Ce3+ sites for the redox
cycle in the process of oxygen storage/release[22,47]. Re-
action of SO2 with CeO2 powders and polycrystalline ceria
fi
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Fig. 10. S K-edge spectra taken after dosing SO2 to CeO2(1 1 1) and
Ce0.7Zr0.3O2(1 1 1) surfaces, and nanoparticles of CeO2, Ce0.66O0.33O2 and
Ce0.66Ca0.33O2−y. The samples were exposed to 0.1 Torr of SO2, for 5 min
at 25◦C.

There are “holes” in the top layer of CeO2(1 1 1) and
Ce0.7Zr0.3O2(1 1 1) that expose Ce and Zr cations in the
second layer, seeFig. 1. These cations have all their O neigh-
bors (eight in total) and interact very weakly with an ad-
sorbed SO2 molecule[21]. One must introduce O vacancies
in CeO2(1 1 1) and Ce0.7Zr0.3O2(1 1 1) to see the interaction
of SO2 with the metal cations and dissociation of the molecule
[21,48].

In Fig. 10are also shown S K-edge XANES spectra taken
after exposing nanoparticles of CeO2, Ce0.66Zr0.33O2 and
Ce0.66Ca0.33O2−y to SO2 at 25◦C. Again one finds that SO4
is the main sulfur-containing species present on the oxides
but, in addition, features are seen at photon energies between
2470 and 2472 eV that denote the existence of metal–S bonds
[7,49] as a consequence of the full dissociation of SO2. In
principle, clusters and nanoparticles of Ce1−xZrxO2 proba-
bly have metal cations at corner and edge sites (seeFig. 11and
refs. [10,18]) that can interact well with the SO2 molecule.
On some of these special sites that are very reactive SO2
decomposes. In addition, there may be O vacancies in the
surface of the Ce0.66Zr0.33O2 and Ce0.66Ca0.33O2−y nanopar-
ticles that facilitate S–O bond cleavage[21,48,49]. In Fig. 10,
the Ce0.66Ca0.33O2−y system has the largest concentration of
O vacancies[31,34], and the highest reactivity for the disso-
ciation of SO2.
lms supported on Pt(1 1 1) at 25◦C shows sulfate (SO4)
s the main surface species as evidenced by a combin
f XANES, temperature-programmed desorption (TPD),
igh-resolution photoemission[7]. Photoemission studies f

he adsorption of SO2 on CeO2(1 1 1) and Ce1−xZrxO2(1 1 1)
oint to the formation of a SOx species on the surface th
ould be either SO3 or SO4 [21,48]. The identification of thi
pecies on the basis of only photoemission is not concl
21]. To address this issue, XANES was used to study
nteraction of SO2 with CeO2(1 1 1) and Ce1−xZrxO2(1 1 1)
urfaces.Fig. 10shows S K-edge spectra for the adsorp
f SO2 on CeO2(1 1 1) and Ce0.7Zr0.3O2(1 1 1) surfaces a
oom temperature. A comparison to the corresponding
ositions for sulfates and sulfites[7,49] indicates that SO4 is

he main species formed on the oxide surfaces with a m
oncentration of SO3. There is no dissociation of the ads
ate.

The top layer of CeO2(1 1 1) and Ce0.7Zr0.3O2(1 1 1) con-
ains only O atoms, seeFig. 1. The adsorption of SO2 on
hese O atoms would yield directly sulfite or sulfate spec

O2, gas+ Olattice → SO3,ads (1)

O3,ads+ Olattice → SO4,ads (2)

gnoring asymmetry[17]. Independently of this, variations of the same o
n the lattice dimension can be expected depending on the exact expe
al procedure used for the preparation of the nanoparticles. In the c
e0.5Zr0.5O2 nanoparticles, the coexistence of an almost cubic phase

race of a tetragonal phase could occur. The reported values are for th
r pseudo-cubic phase.
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Fig. 11. Possible structures for nanoclusters of CeO2 or Ce1−xZrxO2. Even
for stoichiometric systems, corner and edge atoms that have a low coordi-
nation number can exist.

Fig. 12. Effect of temperature on the XANES signal for the SO4 formed on
the CeO2 and Ce1−xZrxO2 systems ofFig. 10. The top panel shows the results
for the (1 1 1) surfaces, while the bottom panel contains the corresponding
results for the nanoparticles.

Fig. 12 shows the effect of the temperature on the sul-
fate (SO4) signal for the CeO2 and Ce1−xZrxO2 systems in
Fig. 10. As the temperature is raised SO4 decomposes. In the
case of the CeO2(1 1 1) and Ce0.7Zr0.3O2(1 1 1) surfaces, the
adsorbed SO4 transforms into SO2 gas. On the other hand,
in the case of the nanoparticles, most of the decomposed
SO4 yields SO2 gas, but a fraction undergoes complete de-
composition depositing S on the oxide substrate. The SO4
adsorbed on the nanoparticles is somewhat more stable than
that present on the (1 1 1) surfaces. For both types of systems,
the presence of Zr seems to induce an increase in the thermal
stability of the adsorbed sulfate. The Zr cations also enhance
the thermal stability of SO4 species formed on partially re-
duced Ce1−xZrxO2−y(1 1 1) surfaces[21].

4. Summary and conclusions

Synchrotron-based techniques (high-resolution photoe-
mission, time-resolved X-ray diffraction, and X-ray ab-
sorption near-edge spectroscopy) were used to investigate
the physical and chemical properties of Ce1−xZrxO2(1 1 1)
surfaces and Ce1−xZrxO2 particles with sizes between 4
and 7 nm. The results of XANES (O K-edge, Ce and
Zr LIII -edges) indicate that the Ce1−xZrxO2 nanoparticles
and Ce1−xZrxO2(1 1 1) surfaces have very similar electronic
p eased
w
5 r
a ffer-
e s in
t
X
C

to-
w .
T en
a
n s
p
o ell
o e of a
p y-
d ctra
p O
o
f les
b ns
a s
p the
H
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ora-
t ced
roperties. For these systems, the lattice constant decr
ith increasing Zr content, varying from 5.4Å in CeO2 to
.3Å in Ce0.5Zr0.5O2. Within the fluorite structure, the Z
toms exhibited structural perturbations that led to di
nt types of Zr–O distances and non-equivalent O atom

he Ce1−xZrxO2 compounds. Their Zr LIII - and O K-edge
ANES spectra displayed features not seen in pure ZrO2 or
eO2.
The Ce1−xZrxO2 nanoparticles were more reactive

ards H2 and SO2 than the Ce1−xZrxO2(1 1 1) surfaces
he Ce1−xZrxO2(1 1 1) surfaces did not reduce in hydrog
t 300◦C. At temperatures above 250◦C, the Ce1−xZrxO2
anoparticles reacted with H2 and water evolved into ga
hase. XANES showed the generation of Ce3+ cations with-
ut reduction of Zr4+. There was an expansion in the unit c
f the reduced nanoparticles probably as a consequenc
artial Ce4+ → Ce3+ transformation and the sorption of h
rogen into the bulk of the material. S K-edge XANES spe
ointed to SO4 as the main product of the adsorption of S2
n the Ce1−xZrxO2 nanoparticles and Ce1−xZrxO2(1 1 1) sur-

aces. Full dissociation of SO2 was seen on the nanopartic
ut not on the Ce1−xZrxO2(1 1 1) surfaces. The metal catio
t corner and edge sites of the Ce1−xZrxO2 nanoparticle
robably play a very important role in interactions with
2 and SO2 molecules.
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