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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 propertisZgoge
nanoparticles and GeZr,O,(1 1 1) surfacesx< 0.5). CeQ and Ce_,Zr,O, particles in sizes between 4 and 7 nm were synthesized using
a novel microemulsion method. The results of XANES (O K-edge, Ce and,Zedges) indicate that the €&Zr,O, nanoparticles and
Ce_4Zry0,(111) surfaces have very similar electronic properties. For these systems, the lattice constant decreased with increasing Zr
content, varying from 5.4Ain CeG to 5.3A1in CepsZr0.50,. Within the fluorite structure, the Zr atoms exhibited structural perturbations that
led to different types of Zr-O distances and non-equivalent O atoms in theAZgd, compounds. The Ge,Zr,O, nanoparticles were more
reactive towards Hand SQ than the Ce ,Zr,0O,(1 11) surfaces. The @gZr,O,(1 1 1) surfaces did not reduce in hydrogen at 3D0At
temperatures above 250, the Ce_,Zr,O, nanopatrticles reacted with,tnd water evolved into gas phase. XANES showed the generation
of Ce** cations without reduction of Zt. There was an expansion in the unit cell of the reduced nanoparticles probably as a consequence of
a partial C&* — Cé&** transformation and the sorption of hydrogen into the bulk of the material. S K-edge XANES spectra pointgdito SO
the main product of the adsorption of $@n the Ce_,Zr,O, nanoparticles and Ge.Zr,O,(1 1 1) surfaces. Full dissociation of $@as seen
on the nanoparticles but not on the,Cer,O,(11 1) surfaces. The metal cations at corner and edge sites of thgZG©, nanopatrticles
probably play a very important role in interactions with theamd SQ molecules.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Ceria-supported noble-metal catalysts are capable of storing
oxygen under oxidizing conditions and release oxygen un-
Ceria (CeQ) is an oxide with important applications in  der reducing conditions via the facile conversion between

the control of environmental pollutida,2]. One ofthe major ~ Ce** and Cé&* oxidation state§5]. Furthermore, ceria-based
efforts of environmental cleanup is focused on controlling the materials are also utilized in sorbents or catalysts for the de-
emission of toxic pollutants produced during the combustion struction of SQ (DeSQ operations)[6,7]. Oxygen anion

of fuels in factories, power plants and automotive engines vacancies in ceria are considered to play an essential role in
[1-3]. The so-called three-way catalysts (TWC's) are com- catalytic reaction§5—11]. The energetics of O vacancy cre-

monly used to reduce the emissions of CO, N&dd hy- ation/filling can be altered after doping ceria with a second
drocarbons from automobile exhaiiBf4]. Due to its redox metal[11-13]
properties, Ceis a key componentinthese cataly&s8,5]. The CeQ—ZrO, system is one of the most studied mixed-

metal oxides in the literature due to its important role in the

* Corresponding author. Tel.: +1 516 2822246; fax: +1 516 2825815,  OPeration of automotive catalysfs-5]. To enhance the re-
E-mail addressrodrigez@bnl.gov (J.A. Rodriguez). dox properties and thermal stability of pure ceria, zirconia
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(ZrOy) is often mixed as an additive to form solid solutions The time-resolved X-ray diffraction results shown in
ofthe Ca_xZriO2 type k < 0.5)[5,12]. Typically, cationsare  Section3 were collected on beam line X7B of the National
randomly distributed in a fluorite-type subcell, whereas the Synchrotron Light Source (NSLS) at Brookhaven National
total symmetry is governed by the anion sub¢g)iL2]. For Laboratory (BNL)[17,25] Investigations at BNL have estab-
these materials, tetragonal and cubic structures are possibldished the feasibility of conducting subminute, time-resolved
[5,12,14] The focus has been on examining possible correla- XRD experiments when combining the high intensity of syn-
tions between the Ce3- ZrO; interactions and differences  chrotron radiation and new parallel data-collection devices
in the behavior of Ce_4ZrO2 and CeQ@. The mechanisms  [25]. AMAR345 detector was used to record the in situ XRD
for the doping effects of Zr remain uncertain and are still a data. The typical time required for collecting an individual
matter of debate. It has been suggested that ceria structuratliffraction pattern was in the range of 0.5-2 min. The powder
modifications mediated by zirconia and zirconia-stabilized rings were integrated using the FIT2D cdéé]. Rietveld re-
defects in ceria are responsible for the enhanced oxygen-finements were performed with the program GS2%,28]
storage capacity of ceria—zirconia mixed oxif€2,15,16] In this work, a whole profile refinement with the commercial
Contributions from “electronic effects” (i.e. modifications Reflex package provided by Accelrys was employed to
in the chemical properties of the metal cations as a con- obtain the particle sizes, cell dimension, and lattice strain
sequence of electronic perturbations) have been frequently[18,31] Here lattice strain was determined from the variation
dismissed, although it is clear that they cannot be ruled out of peak width, and is an estimation of the stress, produced by
[8,13]. imperfections and defects, in the crystal struc{@@&-31]

Nano structures of oxides can have special chemical The photoemission studies described in Sec8omere
properties due to size-induced structural distortions and theperformed in a ultrahigh-vacuum (UHV) chamber that forms
presence of O vacancig¢8]. This is an issue that needs part of the U7A beamline in the NSL[B,21]. The UHV
further investigation. Recent studies have shown that chamber (with a base pressure-o6 x 10-10Torr) is fitted
nanoparticles of Ge xZryO, can be prepared by a novel with a hemispherical electron energy analyzer with multi-
microemulsion method that leads to highly homogeneous channel detection, optics for low-energy electron diffraction
materials in terms of chemical composition (i.e. Ce, Zr (LEED), aresidual gas analyzer (SRS-RGA), and a twin (Mg
distribution), having a narrow distribution of particle sizes Ka and Al Ka) X-ray source. The combined energy resolu-
[19,20] The catalysts prepared in this way are very useful tion in the photoemission spectra was 0.3—0.4&¥21].
for studying the thermal stability of the €g.Zr,O, system The Ce and Zr ly-edge and S K-edge XANES spec-
and aging treatments at high temperatid9,20] In this tra presented in SectioB were collected at the NSLS on
article, we review a series of studies that use synchrotron-beam line X19A in the “fluorescence-yield mode” using a
based techniques (high-resolution photoemissigj21], boomerang-type flat crystal monochromator and a special
time-resolved X-ray diffraction (XRD}17] and X-ray ab- reaction cell with a modified Stern—Heald—Lytle detector
sorption near-edge spectroscof®17]) to investigate the  [7,8,17] Beamline U7A was utilized to record the O K-edge
structural and electronic properties of{CgZryO, nanopar- spectra. This beamline is equipped with a toroidal-spherical
ticles and Ce _xZrxO,(1 1 1) surfaces. The chemisorption of grating monochromator. The O K-edge spectra were taken in
H> and SQ are used to examine the chemical properties of the “electron-yield mode” by using a channeltron multiplier
the Ca_xZrcO, systems. The study has practical applica- located near the sample surfg8¢el7]. The energy resolution
tions as hydrogen is one of the reducing agents present inat the L (Ce or Zr) and K (S or O) edges was close to 0.5 eV.
exhaust gases of automotive engifies3]. It is known that
adsorption of S@affects the performance of TWC’s used to
control emissions of CO and NQ@22] and, onthe otherhand, 3. Results
ceria-based catalysts are highly active for Dg®@erations
[6,7]. 3.1. Structural properties of the @eZryO, systems

Fig. 1 shows the structure of an ideal £gZryO2(111)

2. Experimental methods surfacex<0.4). The top layer consists of O atoms, but within

this layer there are holes that expose the Ce or Zr cations in

To prepare the GeyxZry O2 nanoparticles and GexZry the second layer. The @8:ZryO2(1 1 1) thin films used in

0O2(111) surfaces, we followed methods previously reported the present study possess a pure and single-crystalline phase,
in the literature[19,20,23,24] A microemulsion method  and these surfaces are oxygen-terminated and well ordered as
[19,20] was used to synthesize nanoparticles with initial evidenced by the results of several techniques for structural
Ce:Zr atomic ratios of 9:1, 2:1 and 1:1 in the reacting characterization (reflection high-energy electron diffraction,
mixtures[17]. Ce_xZryO2(111) k=0.1, 0.2 or 0.3) thin low-energy electron diffraction, X-ray photoelectron diffrac-
films (500—70QA in thickness) were grown on a Y-stabilized tion, X-ray diffraction, and Rutherford backscattering spec-
ZrO2(111) surface by oxygen-plasma assisted molecular- troscopy and channelingf),23,24] Inthe Ca_xZr,O»>(11 1)
beam epitaxy23,24] thin films and the Cg_xZryO2 nanoparticles, the Ge- Zr ex-
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From the width of the diffraction lines, one can get a
reasonable estimate of the average size of the Catl
Ce1_xZrxO2 nanoparticle$29-31] The top panel irFig. 3
displays changes in size as a function of Zr concentration and
temperature. Data for a limited number of temperatures have
been published in refl7], 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 Ce@anoparticles{ 7 nm)
is comparable to that obtained recently using a different syn-
thetic method14]. 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 nanoparticlg$8-20] Around 600°C, the size of

e Sl et Sl N1l R :fw
'.'.'.'.'.‘1 Pz,

CeZr

the CeQ particles starts to increase and by 1000s close to

25 nm. For the Ce 4ZrcO> systems the sintering also starts
near 600 C, but the magnitude of the size increase seems to
diminish when the content of Zr is rais¢ti7]. The “extra”
thermal stability could be a consequence of more dense pack-
ing of the atoms in the unit cell of the compoudd,31] The
trends in the top panel ¢fig. 3are important and consistent
with the fact that the addition of zirconia to ceria enhances

the thermal stability of automotive cataly$gs4,15,32]

Fig. 1. Top and side views of an oxygen-terminateq_-G&rxO2(1 1 1) sur-

The strain in the Ce xZrcOy, nanoparticles as a function

face k<0.4). The large spheres represent O atoms, and the small spherespf Zr content and temperature is shown in the bottom panel

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 compoun[2].

Fig. 2 shows time-resolved XRD results obtained after
heating a sample of @eZrp.102 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-
guence of an increase in the size of the particles (sintering)
at temperatures above 500. This process was irreversible.
Similar results were found for @gsZro.3302 nanoparticles.
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Fig. 2. Time-resolved XRD data for the heating ofyG&ro 102 hanoparti-
cles in air. Heating rate = 4°&€/min. 1 = 0.8941A.
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Fig. 3. Effects of heating on the size (top panel) and strain parameter of a
series of Ce_xZryO, (x=0, 0.1, 0.33) nanoparticles.
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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 defe[38]. Pure ceria
nanoparticles exhibit a larger lattice strain when compared
to bulk CeQ. 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 @eZryO2 systems

The results of XANES (O K-edge, Ce and Zpk
edges) indicate that the €8ZryO, nanoparticles and
Ce_xZry0O2(111) surfaces have very similar electronic
properties[8,17]. The spectra for the Cel-edge of the
Ce1_xZrxO2 systems showed energies and the line shape re-
ported for bulk Ce@ [8,17]. Thus, the doping with Zr did
not induce formation of a significant amount of CeThis is
consistent with results of XRD for the nanoparticles, which
show that the oxygen occupancy is essentially 100% (i.e. no
O vacancies)17,31], and with XPS and photoemission data
for the Ca_xZryO2(1 1 1) surfacef3].

Fig. 4 displays Zr Ly -edge spectra for bulk Zrand

b/a ratio XANES

Fluorescence Yield (arb units)

XANES
b ZrL,-edge

Ceq 5210502

Ceg.66270.3302

Cep.9Zr0.102

2200

1.6

T T
2220 2240 2260

Photon energy (eV)

1.5
1.4
1.3
1.2 1
1.1
1.0

20 40 60 80 100
% of Zr in Ce,  ZrO,

1-x""x

Ce1_xZryO2 nanoparticles. The corresponding spectra for the Fig. 4. ZrLy -edge XANES spectra for bulk Zr&and Ce_xZrcO2 nanopar-
Cer_xZryO»(11 1) surfaces are not shown, because they wereticles.

very similar to those of the nanoparticl@s17]. At the tem-
perature in which the spectra were acquired 45°C), a

and 5d-4 in pure CeQ are related to electronic transitions

monoclinic crystal structure is the thermodynamically sta- from the O 1s core levels to the empty cerium 4f, Gdand

ble phase for Zr@ [8,35]. The Zr Ly -edge of this oxide

5diglevels, respectively7,8]. The O K-edge spectrum of

is characterized by four distinctive features. The two main ZrO, comes mainly from O 1s> Zr(4d) electronic transi-
ones (a and b) correspond to electronic transitions from thetions[18], and the two main peaks reflect the splitting of the
occupied Zr 2p orbitals to the empty Zr 4d orbitals which Zr4d orbitals into levels withgand bg symmetry{36]. The O

are split into orbitals with t and e symmet36]. In oxides,

K-edge spectra of the GexZryO, nanoparticles significantly

the relative intensity of the a and b peaks depends stronglychange as a function of Zr doping. They exhibit features that

on the chemical environment around the Zr catifg@. In

match very well those found for @exZryO>(1 1 1) surfaces

the Ca_xZrxO, systems, the Zr atoms are in a pseudo-cubic [8]. The O K-edge spectra of €g,ZrO» compounds have
environment8,17] and the relative intensity of the b peak a distinctive line shape that cannot be attributed to a sum of

is stronger than observed for monoclinic Zr@r for tetrag-

CeQ and ZrG peaks. This is consistent with the results of

onal Zr-doped ¥Os [36]. The a and b peak separation in DF calculationg8,17], which show CeO and Z~O bond

Ce 9Zrp.102 is ~ 0.25 eV larger than in Zr@ As the con-
centration of zirconium in Ge.xZrxOs increases, the Zrj|,.-

distances in Ceg xZryO2 not seen in the isolated oxides (i.e.
some O atoms are in a special chemical environment).

edge line shape changes and becomes closer to that in pure Fig. 6 displays a series of valence band spectra for

ZrOz (bottom ofFig. 4).

polycrystalline Ce®, CeygZrp202(111) and Y-stabilized

Fig. 5 shows O K-edge XANES spectra for a series of ZrO»(11 1)[8]. Fig. 6A shows the typical valence spectrum

Ce1_xZrxO2 nanoparticle$l7], including reference spectra
for bulk ZrO; and CeQ. The features labeled 4f, 5dye

of pure cerig37]. For the fully oxidized Ce@, no photoe-
mission peaks exist between 0 and 4 eV within the band gap.
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Fig. 5. O K-edge XANES spectra for bulk ZgQOCe _xZrxO, nanoparticles,

and bulk CeQ.
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The same is valid for the stoichiometric £gZryO, oxides
[8,21]. Oxygen vacancies can be created by ion sputtering the
Ce1_xZrx0O2(1 11) surface$,21] or by reducing in hydro-

gen the Ce _xZryO2 nanoparticle$17]. The existence of O
vacancies induces a new peak in the valence region (centered
at~2 eV, seeFig. 6). This peak is a C¥-ion-derived level,
related to occupied Ce ¥&lectronic statef37], and has a

big impact on the chemical properties of the;C&ryO,_y
compoundg$5,8,21]

3.3. Chemical properties of the €&Zr,O, systems

3.3.1. Reaction with hydrogen

In many situations, oxide catalysts are activated by partial
reduction in hydrogefB8]. Hydrogen is one of the reducing
agents in automotive exhaust gad@ss]. The deviation
of bulk ceria from its ideal Ce® composition has been
extensively studied by temperature-programmed reduction
(TPR) with hydrogeri39,40] Similar experiments have also
been carried out for bulk GexZrcO- [4,5,32] We found that
CeM(111) and Ce xZryO2(111) surfacesx<0.4) have
a very low reactivity towards i Fig. 7 shows typical pho-
toemission data for the interaction of a1CgZryO2(111)
surface with hydrogen. In a reaction cell attached to a UHV

Polycrystalline CeO, Valence Band(A)
hv=325 eV

Oxidized CeO,

Sputtered CeO,,_,

Ce, Zr,,0,(111) Valence Band
hv=500 eV

B)

Ce3+

r Slightly Sputtered

Heavily Sputtered

i2 10 8 6 4 2 0

14
Zr(Y)0O, Valence Band (C)
r hv=500 eV
Sputtered Zr(Y)O,

14 12 10 8 6 4 2 0
Binding Energy (eV)

14 12 10 8 6 4 2 0
Binding Energy (eV)

Fig. 6. Typical valence-band photoemission spectra for: (A) £t CeQ_y; (B) Cey sZrp.202-x(1 1 1) with different defect populations, and (C) Y-stabilized

ZrOs_y(111).
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Fig. 7. O 1s/Ce 3d XPS ratio for a §67rp202(1 1 1) crystal and a rough
Cey gZrp.20; film exposed to hydrogen (5 Torr of41300°C) for different
periods of time (see text).

chamberf41], the oxide surfaces were exposed to 5 Torr of
H> at 300°C for a given period of time. Then, the cell was
pumped down (<% 10~/ 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 GE( 1)
and Ce_xZryO2(111) surfaces. On the other hand, O

removal was detected when similar experiments were done

with rough films of Ce®@ or Ceg_xZrxO, (seeFig. 7) and
with Ce;_xZryO2 nanopatrticles. 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;CgZrcO»
nanoparticles in a flow reactor using in situ time-resolved
XRD and XANES[17]. Fig. 8 displays diffraction patterns
obtained after heating GeZro.102 nanoparticles from 25 to
1000°C under a 5% H/95% He stream (20 chmin). As
the temperature increases, there is a narrowing of the diffrac-

800
600
400
200

Temp (C)

31 34

32 33
2 theta

Fig. 8. Time-resolved XRD data for the heating ofyGEro 102 nanoparti-
cles under aflow of 5% KH95% He. Heating rate = 5°€/min.x = 0.9034A.
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Fig. 9. Variations in cell dimensiorﬁo during annealing in air (top panel)
and H-TPR (bottom panel) for a series of nanoparticlesp §&Z&o 502,
Cep.66Zr0.3302, Cey.90Zro.1002, and CeQ. In the H-TPR experiments, the
samples were heated under a flow (2Gmin) of a 5% H/95% He mixture.
Heating rate =5.9C/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 iW2s a consequence of
an expansion in their unit cell as a result of introducing O
vacancies and/or sorbing hydrogen during the reduction pro-
cesg[17,39,40] Water evolution was observed with a mass
spectrometer located at the exit of the reaction[@&l]. Sim-

ilar trends were observed in the corresponding XRD data for
nanoparticles of Ce£)Cey 5Zrp 502 and C@ 6Zr0.3302. The
diffraction results did not show the formation of reduced ox-
ides with the crystal structures of Ce@ or CeO3 [17,31]
However, XANES measurements at the Gg-edge gave
spectra with the line shape expected for a mixture df*Ce
and Cé* [17,43] Interestingly, there was no reduction of the
Zr** cationg[17].

The bottom panel irFig. 9 shows how the size of the
unit cell of Ca_xZryO2 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 figura$ a consequence

1 The cell dimensions obtained here taking into consideration asymme-
try effects[31] are a little bit different (0.01-0.04) from those obtained



J.A. Rodriguez et al. / Journal of Molecular Catalysis A: Chemical 228 (2005) 11-19 17

of a chemical reaction (Gé formation) and the sorption of S K-edge XANES
hydrogen[17]. Substantial increases in cell dimension oc- S0, adsorption
cur from 300 to 500C, and from 600 to 90€C. It is clear | 25°C so,

that the Ce@ nanoparticles exhibit the lowest reactivity to-
wards b in Fig. 9. This agrees with trends found inH PR
experiments for bulk CePand Ce_xZryO> [44], and it is
frequently linked to the improvement in oxygen-storage ca-
pacity seenin Zr-doped celfi45]. During the oxygen release
process, there is stress in the oxide lattice as a consequence
of the difference in atomic size of ¢&(0.97A) and Cé*
(1.14,&) [46]. The introduction of relatively small 2t ions
(0.84/5\) into the ceria framework could compensate the vol-
ume increment, and ease the valence chang®'(GeCe**)

and reduction process in €g2Zrx0; [45,46]

Ce0,(111)

Ceo.ero.stU 11)
so,

| CeO, 7nm
3.3.2. Adsorption and dissociation of 50O

Ceria-based catalysts can be very useful for the destruc-
tion of SG [6,7]. On the other hand, the S@ormed dur-
ing the combustion of fuels in automotive engines can affect
the performance of the Ce@r Ce_xZrxO, present in cat-
alysts used for reducing CO and N®missiong22]. The
species responsible for ceria deactivation is mainly attributed

S,
\

Normalized fluorescence yield (arb units)
e

Cey 562l 230, 4nm

. . . ceO esCao 3302—5' 4nm
to cerium sulfate, which blocks the &esites for the redox . -—
cycle in the process of oxygen storage/rele@247] Re- 2470 2480 2490
action of SQ with CeQ, powders and polycrystalline ceria Photon Energy (eV)

films supported on Pt(111) at 26 shows sulfate (S£)

as the main surface species as evidenced by a combinatiorfig. 10. S K-edge spectra taken after dosing, S0 CeG(111) and

of XANES, temperature-programmed desorption (TPD), and C&.7Zr0.302(1 11) surfaces, and nanoparticles of GeOe 66003302 and
high-resolution photoemissi¢f]. Photoemission studies for ;e‘z’-gfga"-“ozfy' The samples were exposed to 0.1 Torr o3f0r 5 min
the adsorption of S@on CeQ(111) and Ce xZryO2(111) '

point to the formation of a SPspecies on the surface that . Y

could be either S@or SO [21,48] The identification ofthis ~ 1heré are “holes™ in the top layer of Ce(@11) and
species on the basis of only photoemission is not conclusive ©®0.7270302(111) that expose Ce and Zr cations in the
[21]. To address this issue, XANES was used to study the Second layer, seéig. 1 These cations have all their O neigh-
interaction of S@ with CeQp(1 1 1) and Ce _xZryOx(1 1 1) bors (eight in total) and interact very weakly with an gd—
surfacesFig. 10shows S K-edge spectra for the adsorption SC"Ped S@ molecule21]. One must introduce O vacancies
of SO, on CeQ(111) and Cg7Zros0»(111) surfaces at in CeQ('l 11)and C@7;ro,302(1 1'1) to see the interaction
room temperature. A comparison to the corresponding peakOfSOZ with the metal cations and dissociation of the molecule
positions for sulfates and sulfitgg49] indicates that SQis [21’481_

the main species formed on the oxide surfaces with a minor In Fig. 10are also shown S K-edge XANES spectra taken

concentration of S@ There is no dissociation of the adsor- &€ €xposing nanoparticle.z of CeQCe 66Z0.3302 and
bate. Cen.66Can.3302—y to SO at 25°C. Again one finds that SO

The top layer of Ceg(1 1 1) and Cg7Zro 30»(1 1 1) con- is the main sulfur-containing species present on the oxides
tains only O atoms, seBig. 1 The adsorbtion of SPon but, in addition, features are seen at photon energies between
these O atoms would yield directly sulfite or sulfate species: 2470 and 2472 eV that denote the existence of metal—S bonds

[7,49] as a consequence of the full dissociation of,SID

SOy, gas+ Olattice = SO3 ads (1) principle, clusters and nanoparticles of;CgZryO, proba-
bly have metal cations at corner and edge sites{ggpéd 1and
S03,ads + Orattice = SOu,ads 2) refs.[10,18)) that can interact well with the SOmolecule.

On some of these special sites that are very reactive SO
- decomposes. In addition, there may be O vacancies in the
ignoring asymmetry17]. Independently of this, variations of the same order  syrface of the CggeZrg.3302 and C@.%Ca).%oz_y nanopar-
in the lattice dimension can be expected depending on the exact experimen-ticles that facilitate S—O bond cIeava{Q& 48 49] In Fig. 1Q

tal procedure used for the preparation of the nanoparticles. In the case of .
Cey 5219502 nanoparticles, the coexistence of an almost cubic phase and athe C%-66C&)-3302*y system has the larQESt concentration of

trace of a tetragonal phase could occur. The reported values are for the cubicO Vacancie$31,34], and the highest reactivity for the disso-
or pseudo-cubic phase. ciation of SQ.
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Ce,Zr

(CeZr),0

Ce,Zr

(Ce,Zr)30 6

Fig. 11. Possible structures for nanoclusters of £efCe _xZr,O,. Even
for stoichiometric systems, corner and edge atoms that have a low coordi-
nation number can exist.
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Fig. 12. Effect of temperature on the XANES signal for thes$@med on
the CeQ and Cg_xZr,O, systems oFig. 10 The top panel shows the results

for the (11 1) surfaces, while the bottom panel contains the corresponding
results for the nanoparticles.
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Fig. 12 shows the effect of the temperature on the sul-
fate (SQ) signal for the Ce@ and Cg_xZryO» systems in
Fig. 10 As the temperature is raised $@ecomposes. In the
case of the Cegl1 1 1) and Cg7Zrp302(1 1 1) surfaces, the
adsorbed S@transforms into S@gas. On the other hand,
in the case of the nanoparticles, most of the decomposed
SOy yields SGQ gas, but a fraction undergoes complete de-
composition depositing S on the oxide substrate. Thg SO
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 S@species formed on partially re-
duced Ce_xZryO»_y(111) surface§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 of1CgZryOo(11 1)
surfaces and GeyZryO2 particles with sizes between 4
and 7nm. The results of XANES (O K-edge, Ce and
Zr Ly -edges) indicate that the €gZryO, nanoparticles
and Cg_xZryO2(1 1 1) surfaces have very similar electronic
properties. For these systems, the lattice constant decreased
with increasing Zr content, varying from 584in CeO, to
5.3A in Ceps5Zrg s02. Within the fluorite structure, the Zr
atoms exhibited structural perturbations that led to differ-
ent types of Zr-O distances and non-equivalent O atoms in
the Ca_xZryO> compounds. Their Zr - and O K-edge
XANES spectra displayed features not seen in pure;£nO
CeO.

The Ca_xZryO2 nanoparticles were more reactive to-
wards H and SQ than the Ce xZryO»>(111) surfaces.
The Ca_xZrxO2(1 1 1) surfaces did not reduce in hydrogen
at 300°C. At temperatures above 250, the Cg_xZryO>
nanoparticles reacted with,Hand water evolved into gas
phase. XANES showed the generation ofCeations with-
out reduction of Zt*. There was an expansion in the unit cell
of the reduced nanoparticles probably as a consequence of a
partial Cé* — Ce** transformation and the sorption of hy-
drogeninto the bulk of the material. S K-edge XANES spectra
pointed to SQ as the main product of the adsorption of SO
onthe Ce_ZryO» nanoparticles and GexZryO2(1 1 1) sur-
faces. Full dissociation of SQvas seen on the nanoparticles
but not on the Ceg xZryO2(1 1 1) surfaces. The metal cations
at corner and edge sites of the 1CgZr,O, nanoparticles
probably play a very important role in interactions with the
H, and SGQ molecules.
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