
The structural and electronic properties of nanostructured
Ce1−x−yZrxTbyO2 ternary oxides: Unusual concentration
of Tb 3+ and metal ^oxygen ^metal interactions

Xianqin Wang, Jonathan C. Hanson, and José A. Rodrigueza!

Department of Chemistry, Brookhaven National Laboratory, Upton, New York 11973

Carolina Belver and Marcos Fernández-Garcíaa!

Instituto de Catálisis y Petroleoquímica, Consejo Superior de Investigaciones Cientificas, (CSIC) Campus
Cantoblanco, 28049 Madrid, Spain

sReceived 9 December 2004; accepted 8 February 2005; published online 20 April 2005d

Ceria-based ternary oxides are widely used in many areas of chemistry, physics, and materials
science. Synchrotron-based time-resolved x-ray diffraction, x-ray absorption near-edge
spectroscopysXANESd, Raman spectroscopy, and density-functional calculations were used to
study the structural and electronic properties of Ce–Zr–Tb oxide nanoparticles. The nanoparticles
were synthesized following a novel microemulsion method and had sizes in the range of 4–7 nm.
The Ce1−x−yZrxTbyO2 ternary systems exhibit a complex behavior thatcannotbe predicted as a
simple extrapolation of the properties of Ce1−xZrxO2, Ce1−xTbxO2, or the individual oxidessCeO2,
ZrO2, and TbO2d. The doping of ceria with Zr and Tb induces a decrease in the unit cell, but there
are large positive deviations with respect to the cell parameters predicted by Vegard’s rule for ideal
solid solutions. The presence of Zr and Tb generates strain in the ceria lattice through the creation
of crystal imperfections and O vacancies. The OK-edge and TbLIII -edge XANES spectra for the
Ce1−x−yZrxTbyO2 nanoparticles point to the existence of distinctive electronic properties. In
Ce1−x−yZrxTbyO2 there is an unexpected high concentration of Tb3+, which is not seen in TbO2 or
Ce1−xTbxO2 and enhances the chemical reactivity of the ternary oxide. Tb↔O↔Zr interactions
produce a stabilization of the Tbs4f ,5dd states that is responsible for the high concentration of Tb3+

cations. The behavior of Ce1−x−yZrxTbyO2 illustrates how important can be metal↔oxygen↔metal
interactions for determining the structural, electronic, and chemical properties of a ternary oxide. ©
2005 American Institute of Physics. fDOI: 10.1063/1.1883631g

I. INTRODUCTION

The ability of ceriasCeO2d to undergo a switch between
“Ce4+” and “Ce3+” oxidation states has made this oxide a key
component in the three-way catalystssTWCsd commonly
used to reduce the emissions of CO, NOx, and hydrocarbons
from automobile exhaust.1 Ceria-supported noble-metal cata-
lysts are capable of storing oxygen under oxidizing condi-
tions or releasing oxygen under reducing conditions through
a facile Ce4+↔Ce3+ transformation.1 In addition, CeO2 has
other important applications in many areas of chemistry, ma-
terials science, and physics.1–3 It is a key component of solid-
state electrochemical devices, which are used in fuel cells,
chemical processing, and sensors.1,3 In its most stable phase,
bulk CeO2 adopts a fluorite-type crystal structure in which
each metal cation is surrounded by eight oxygen atoms.1,4

The band gap of pure ceria is,5 eV,2,5 but crystal defects or
impurities can transform the material into a good
semiconductor.1 Experimental and theoretical studies indi-
cate that bulk CeO2 is not a fully ionic oxide,6–8 and is best
described as an ionocovalent compound or covalent
insulator.6scd,8 The performance of ceria in automotive cata-

lysts, fuel cells, and electronic devices can be enhanced by
doping this oxide with different types of metalssZr, Ca, Cu,
Tb, La, Mn, etcd.1,3sbd,8–11 In general, this phenomenon is not
fully understood. Of particular interest is to understand the
behavior of mixed-metal oxides that contain Ce and other
lanthanides.1,8,10scd,10sdd,11 Across the lanthanide series, there
are significant variations in atomic size and
electronegativity.3sad,4

How a given group of metals forms an oxide that has a
specific set of properties is a fundamental question in solid-
state chemistry and physics.3sad,4,12,13In the most simple ap-
proximation, one can assume that the properties of a mixed-
metal oxide are an extrapolation of the properties of the
single oxides si.e., no metal↔oxygen↔metal
interactionsd.12,13 Thus, if one has a group of metals that
forms single oxides with a particular crystal structure, then
an ideal mixed-metal oxide should adopt this crystal struc-
ture and its lattice constant should be the sum of the lattice
constants of the single oxides weighted by the composition
of the systemsVegard’s ruled.3sad,4,12,13A vast number of al-
loys of metals and semiconductors obey Vegard’s rule.3sad,4,13

However, the behavior of a mixed-metal oxide may be non-
ideal or unique as a consequence of structural and electronic
perturbations introduced by metal↔oxygen↔metal
interactions.12–16 It is important to identify these structural
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and electronic perturbations because they can determine the
chemical reactivity of ceria-based oxides.8,16,17

In previous studies, we have examined the properties of
Ce1−xZrxO2,

17,18 Ce1−xCaxO2,
19 and Ce1−xTbxO2.

8 In these
oxide systems, cerium is mixed with a transition metalsZrd,
an alkaline-earth metalsCad, or a lanthanidesTbd. It is
known that doping with Zr, Ca, and Tb affects the perfor-
mance of ceria in catalytic processes.1,10sad,20,21We found that
Zr mixing sCe1−xZrxO2d improved the thermal stability of
ceria nanoparticles, but did not introduce a significant num-
ber of oxygen vacancies.17,18 On the other hand, Ca mixing
sCe1−xCaxO2d introduced a lot of oxygen vacancies in the
host structure, but the mixed-metal oxide had a relatively
low stability and phase segregation into CeO2 and CaO was
observed at temperatures close to 700 °C.19 The Tb-
containing oxidessCe1−xTbxO2d displayed stability at high
temperature against phase segregation and a reasonable con-
centration of O vacancies, being attractive for chemical and
catalytic applications.8 Ternary oxides are not uncommon in
catalysis and materials science,1,10scd,10sdd,13 and there is a
need to obtain a basic understanding of their
behavior.3sad,4,13,15In this article, we investigate the structural
and electronic properties of Ce–Zr–Tb oxide nanoparticles
using x-ray absorption near-edge spectroscopysXANESd,
Raman spectroscopysRSd, time-resolved x-ray diffraction
sTR-XRDd, and first-principles density-functionalsDFd cal-
culations. Our results clearly show that a ternary oxide can
have distinctive electronic properties not seen for single or
binary oxides. The behavior of Ce1−xZrxTbyO2 cannotbe pre-
dicted as a simple extrapolation of the behaviors of
Ce1−xZrxO2 and Ce1−xTbxO2. In Ce1−x−yZrxTbyO2, an unex-
pected very high concentration of Tb3+ and O vacancies is
seen as a result of metal↔oxygen↔metal interactions. At a
structural level, the lattice constants of the ternary oxide de-
viate significantly from values obtained using Vegard’s rule.

II. EXPERIMENTAL AND THEORETICAL
METHODS

A. Preparation of the Ce–Zr–Tb oxides

Oxide nanoparticles containing Ce, Zr, and Tb were pre-
pared using an adaptation of the microemulsion method used
previously for the synthesis of Ce1−xZrxO2 and
Ce1−xTbxO2.

8,9,18 One of the samples contained equal
amounts of the three cations, Ce0.33Zr0.33Tb0.33O2 sCZT111
in our notationd. We also examined samples that had equal
amounts of Ce and Zr, Ce0.45Zr0.45Tb0.1O2 and
Ce0.4Zr0.4Tb0.2O2 sCZT992 and CZT442 in our notationd, or
equal amounts of Ce and Tb, Ce0.45Zr0.1Tb0.45O2 and
Ce0.4Zr0.2Tb0.4O2 sCZT929 and CZT424 in our notationd. In
these systems, there are oxygen vacancies presentsi.e.,
oxygen/metal ratio,2d, but for simplicity we will label and
refer to them as Ce1−x−yZrxTbyO2.

B. Time-resolved XRD experiments

The time-resolved x-ray diffraction data were collected
at beamlines X7Bsl=0.922 Åd and X17B1sl=0.1655 Åd
of the National Synchrotron Light SourcesNSLSd in
Brookhaven National LaboratorysBNLd. An identical setup

system was employed in both beamlines.8,19,22In the experi-
ments dealing with the thermal stability and sintering of the
Ce1−x−yZrxTbyO2 nanoparticles, the sample was kept in a sap-
phire capillary and heated using a small resistance heater
placed around the capillary.22 A chromel–alumel thermo-
couple was used to measure the temperature of the sample.
Two-dimensional powder patterns were collected with a
Mar345 image plate detector and the powder rings were in-
tegrated using theFIT2D code.23 From the high-energy XRD
data, lattice constants were determined by a Rietveld analysis
using the general structure analysis systemsGSASd
program.24 To calculate the strain in the lattice of the
Ce1−x−yZrxTbyO2 samples from thein situ data, we used the
commercialREFLEX package25 provided by Accelrys. The in-
strument parameters were derived from the fit of a Si refer-
ence pattern to the Thompson–Cox–Hastings profile
coefficients25sbd and Baldinozzi–Berar asymmetry
correction.25scd Then, the sample size25sdd and strain25sed were
determined from the peak broadening in the nanoparticles.
The cell dimensions determined by the methodologies men-
tioned above differed slightlys,0.04 Åd because different
corrections were applied and different ranges of diffraction
were used. The trends were identical and we have consis-
tently used the cell parameters from theREFLEX package.

C. XANES experiments

The LIII -edge XANES spectra of Ce, Zr, and Tb were
collected at the NSLS on beamline X19A in the
“fluorescence-yield mode” using a boomerang-type flat crys-
tal monochromator and a special cell with a modified Stern–
Heald–Lytle detector.8,18 Beamline U7A was utilized to
record the OK-edge spectra. This beamline is equipped with
a toroidal-spherical grating monochromator. The OK-edge
spectra were taken in the “electron-yield mode” by using a
channeltron multiplier located near the sample surface.8,18

All the XANES spectra were taken at room temperature and
the energy resolution was close to 0.5 eV.

D. Raman experiments

Raman spectra were obtained at room temperature with a
Renishaw dispersive system 1000, equipped with a cooled
thermal-conductivity detectorsTCDd and holographic notch
filter. The samples were excited with the 633 nm He:Ne laser
line and the spectra consisted of 50 accumulations with a
total of 10–15-min acquisition time, using a typical running
power of 2–10 mW. Care was taken in minimizing heating
of the samples; peak positions were seen constant within
2–3 cm−1.

E. Theoretical methods

The first-principles DF calculations reported in Sec. III
were performed using the Cambridge serial total-energy
packagesCASTEPd suite of programs.26

CASTEPhas an excel-
lent track record in accurate prediction of geometry and en-
ergetics for oxide systems.8,18,19,26sad,27 In this code, the wave
functions of valence electrons are expanded in a plane-wave
basis set withk vectors within a specified energy cutoffEcut.
Tightly bound core electrons are represented by
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nonlocal ultrasoft pseudopotentials.28 Brillouin-zone integra-
tion is approximated by a sum over specialk points chosen
using the Monkhorst–Pack scheme.29 In all the calculations,
the kinetic-energy cutoffEcut s400 eVd and the density of the
Monkhorst–Packk-point mesh were chosen high enough in
order to ensure convergence of the computed structures and
energetics. The exchange-correlation contribution to the total
electronic energy was treated in a generalized-gradient ap-
proximation sGGAd corrected form of the local-density ap-
proximationsLDA d: Perdew–Burke–Ernzerhoff functional.30

To investigate the properties of the bulk
Ce0.33Zr0.33Tb0.33O2 oxide, we employed the cell shown in
Fig. 1, which contained 24 O atoms plus 4 atoms of Ce, Zr,
and Tbs12 metal atoms in totald. In a first approximation, the
atoms of Zr and Tb were set in the pattern shown in Fig. 1.
Then, possible permutations for the four Zr and four Tb at-
oms were considered, and the properties of
Ce0.33Zr0.33Tb0.33O2 were determined by taking an average
over all these permutations.31 For each one of these permu-
tations, we relaxed the crystal geometry before obtaining av-
erage values of lattice constants, metal-oxygen distances,
charges, etc. The structural parameters of bulk CeO2 and the
Ce0.33Zr0.33Tb0.33O2 system in its different configurations
were determined using the Broyden–Fletcher–Goldfarb–
ShannosBFGSd minimization technique, with the following
thresholds for the converged structures: energy change per
atom less than 5310−6 eV, residual force less than
0.02 eV/Å, the displacement of atoms during the geometry
optimization less than 0.001 Å, and the rms of the stress
tensor less than 0.1 GPa.

For each optimized structure, the partial charges on the
atoms were estimated by projecting the occupied one-
electron eigenstates onto a localized basis setswhich in-
cluded pseudo-orbitals representing the valence levels of O,
Ce, Zr, and Tbd with a subsequent Mulliken population
analysis.32 Any charge partition scheme has
approximations,33 but the Mulliken analysis has shown fre-
quently to be useful for studying qualitative trends in charge
distribution.8,18,19

III. RESULTS AND DISCUSSION

A. Structural properties of Ce 1−x−yZrxTbyO2

For bulk CeO2, the most stable conformation involves a
fluorite-type structure in which each Ce atom is surrounded

by eight oxygen atoms and the Ce–O bond distances are
,2.36 Å.4 The corresponding lattice constantsad is 5.41 Å.
Figure 2 shows lattice constants determined by x-ray diffrac-
tion at room temperature for nanoparticles of CeO2,
Ce0.5Tb0.5O2, Ce0.5Zr0.5O2, Ce0.33Zr0.33Tb0.33O2, and several
other Ce1−x−yZrxTbyO2 oxides. Transmission electron micros-
copy sTEMd images indicate that the nanoparticles have
sizes ranging from 5 to 7 nm.9 The small size of these sys-
tems limits the resolution of our structural analysis for the
nanoparticles, and thea parameter listed in some cases may
represent an average value for a pseudocubic phase with a
slight tetragonal or related distortions. The results of DF cal-
culations for bulk Ce0.33Zr0.33Tb0.33O2 and Raman spectra for
the nanoparticles suggest the existence of small tetragonal-
like distortions. In XRD, one would not expect to observe
these slight tetragonal distortions because the diffraction
peaks for the nanoparticles were very broadssee belowd.

A comparison of the cell parameters for CeO2 s5.41 Åd,4

TbO2 s5.22 Åd,34 and cubic ZrO2 s5.15 Åd4,17 indicates that
Tb4+ is smaller than Ce4+ and larger than Zr4+. In Fig. 2, one
can see a clear decrease in the lattice constant of the oxide
after mixing Ce with Tb or Zr. The largest cell reduction is
observed for the Zr-containing oxides. When going from
Ce0.5Tb0.5O2 sCT11d to Ce0.33Zr0.33Tb0.33O2 sCZT111d, the
Ce/Tb ratio is maintained equal but the amount of Zr in the
oxide increases from 0% to 33%. The Ce↔Zr and Tb↔Zr
substitutions induce a large reduction in the cell dimension,
displaying a linear trend with a slope roughly similar to that
characteristic of the Ces1−xdZrx binary system. This would
mean that Zr addition to CeO2 or Ce0.5Tb0.5O2 systems in-
duces, to a first approximation, similar long-range structural
effects. In the bottom branch, when going from Ce0.5Zr0.5O2

sCZ11d to Ce0.33Zr0.33Tb0.33O2 sCZT111d, the Ce/Zr ratio is
kept equal while the amount of Tb in the oxide rises from 0%
to 33%. The Zr↔Tb exchange leads to only a small increase
in the cell dimensions. This fact is obviously at odds with the
expected result coming from the application of the Vegard’s

FIG. 1. Unit cell used to study the properties of bulk Ce0.33Zr0.33Tb0.33O2.
The unit cell contains 4 atoms of Ce, 4 atoms of Zr, 4 atoms of Tb, and 24
atoms of O. The positions of the metal cations were exchanged in the unit
cell to reflect a random solid solutionssee textd. In the figure is shown a
possible configuration for the ternary oxide.

FIG. 2. Lattice constants determined by x-ray diffraction at 25 °C for nano-
particles of CeO2, Ce1−xTbxO2, Ce1−xZrxO2, and Ce1−x−yZrxTbyO2. The no-
tation used to label the mixed-metal oxides is explained in Sec. II A.
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rule. In these oxide systems, the relatively large concentra-
tion of Zr s50%–33%d seems to dominate and maintains the
cell dimension small.

For bulk CeO2, our DF calculations give a lattice con-
stant of 5.46 Å. In the case of bulk Ce0.33Zr0.33Tb0.33O2, the
DF calculations predict an average unit cell that is pseudocu-
bic, with a small tetragonal-like distortionsa=5.27 Å, b
=5.28 Å, andc=5.31 Åd. Thus, from the theoretical results
one can expect a cell contraction of,0.17 Å, which is sig-
nificantly larger than the value of,0.12 Å observed in Fig.
2 for the Ce0.33Zr0.33Tb0.33O2 sample. The difference between
the theoretical and experimental values decreased as a result
of introducing O vacancies in the model shown in Fig. 1. The
results of a Rietveld analysis of the XRD patterns and
XANES data to be presented in the next section indicate that
there was a large concentration of O vacancies and Tb3+ in
the Ce1−x−yZrxTbyO2 nanoparticles. If one uses Vegard’s
rule35 together with the DF calculated lattice constants for
bulk CeO2 s5.46 Åd,18 ZrO2 s5.11 Åd,18 and TbO2 s5.22 Åd,8

one gets a lattice constant of 5.26 Å for bulk
Ce0.33Zr0.33Tb0.33O2. According to the DF calculations, the
stoichiometric Ce0.33Zr0.33Tb0.33O2 oxide saverage unit-cell
parameter,5.29 Åd shows a small positive deviation with
respect to the prediction of the Vegard’s rule. This issue can
be examined in more detail using XRD data.

Figure 3 compares cell parameters determined for
Ce1−xZrxO2 and Ce1−xTbxO2 nanoparticles from XRD pat-
terns ssolid linesd with cubiclike cell parameters estimated
using Vegard’s rule35 and the experimental lattice parameters
for bulk CeO2,

4 TbO2,
34 and ZrO2

4,17 sdashed linesd. The
Ce1−xZrxO2 systems obey Vegard’s rule, and a Ce↔Zr ex-
change produces a monotonic decrease in the cell dimen-
sions of the oxide. In contrast, the cell parameters for
Ce1−xTbxO2 show a positive deviation from Vegard’s rule.
Something similar was observed in the density-functional
calculations for bulk Ce0.75Tb0.25O2 and Ce0.5Tb0.5O2. The
discrepancy is in part caused by the fact that in Ce1−xTbxO2,
a substantial fraction of the terbium is present as Tb3+ instead
of Tb4+ ssee Sec. III Bd. In Tb2O3 the metal cations have a
larger radii than in TbO2, and the crystal structure is different
from the fluorite type.8,34

Figure 4 compares cell parameters for Ce1−x−yZrxTbyO2

nanoparticles obtained from XRDssolid lined and Vegard’s

rule sdashed lined. In the top panel, we start with
Ce0.5Tb0.5O2 and Zr is introduced keeping the Ce/Tb ratio
constant. Initially, the Ce0.5Tb0.5O2 system deviates from the
Vegard’s rule, but upon the addition of Zr, there is a linear
decrease in the cell dimensions as the Vegard’s rule predicts.
In the bottom panel of Fig. 4, the starting point is
Ce0.5Tb0.5O2 and Tb is added. In these ternary oxides, one
sees a behavior for the cell parameters that is opposite to the
expectations from Vegard’s rule. As we will see below,
the XANES spectra for these oxides show the dominant
presence of Tb3+ and very little Tb4+ in addition to differ-
ences in Zr local order. In fact, for stoichiometric
Ce0.33Zr0.33Tb0.33O2, the DF calculations predict a local
structure around the cations that shifts the oxygens to posi-
tions different from those seen in the fluorite cells of CeO2,
ZrO2, or TbO2. These structural distortions, which contrast
with the ideal predictions of the Vegard’s rule, are a conse-
quence of forcing the coexistence of Zr4+ and Tb4+ cations
into an oxide lattice that is too big for their ionic radii.

From the variation of the peak width with 2u in powder
diffraction, one can obtain a strain parameter25 that is a mea-
sure of the lattice stress existing in the oxide because of
crystal imperfections:16 O vacancies, other point defects, line
defects, and plane defects. In previous studies, a qualitative
correlation between the chemical reactivity and the strain
parameter of ceria-based nanoparticles was found.8,17 A
strong correlation between oxygen storage capacity and lat-
tice strain has been observed for Ce1−xZrxO2.

10sed Figure 5
shows the strain parameter obtained from XRD results for
CeO2, Ce0.5Zr0.5O2, Ce0.5Tb0.5O2, and Ce1−x−yZrxTbyO2

nanoparticles. Pure ceria nanoparticles exhibit a lattice strain

FIG. 3. Cell parameters determined for Ce1−xZrxO2 and Ce1−xTbxO2 nano-
particles from XRD patternsssolid linesd and estimated using Vegard’s rule
sRef. 35d and the experimental lattice parameters for bulk CeO2 sRef. 4d,
TbO2 sRef. 34d, and ZrO2 sRefs. 4 and 17d sdashed linesd.

FIG. 4. Cell parameters for Ce1−x−yZrxTbyO2 nanoparticles obtained from
XRD ssolid lined and Vegard’s rulesdashed lined. In the top panel, the
Ce/Tb ratio is maintained constant while Zr is added. In the bottom panel,
Tb is added keeping the Ce/Zr ratio constant.

154711-4 Wang et al. J. Chem. Phys. 122, 154711 ~2005!

Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



when compared to bulk CeO2.
8,18 The introduction of an

alien species such as Tb leads to extra forces that increase
the strain in the lattice of the nanoparticles. But the amount
of stress does not correlate linearly with the total terbium
concentration, being larger for Ce0.33Zr0.33Tb0.33O2 than for
Ce0.5Tb0.5O2. Perhaps, one could expect more lattice imper-
fections in a ternary oxide than in a binary oxide. This would
be consistent with a larger quantity of Tb3+ in the ternary
oxidesssee Sec. III Bd.

Raman spectroscopy can be useful to detect the oxygen
sublattice distortions predicted by DF calculations and the
existence of O vacancies in ceria-based materials.16 Raman
spectra taken at 25 °C for a series of Ce1−x−yZrxTbyO2 nano-
particles are shown in Fig. 6. As a general result, the spectra
show three well-defined bands at ca. 604, 474–5, and
282 cm−1, and maybe a broad contribution at the high wave-
number side of the 604 cm−1 peak. The Ce1−x−yZrxTbyO2

nanoparticles Raman spectra mainly differ in the behavior of
this latter peak. While its height and width are rather con-
stant for samples having a 1:1 Ce:Tb atomic ratio, both pa-
rameters are clearly sensible to the Tb quantity present in
samples with a 1:1 Ce:Zr atomic ratio. This fact and the
presence of a similar peak in the TbO1.7 reference8 would
indicate a somewhat localized nature and/or dominant con-
tribution of O ions near Tb in this peak, which may be thus
indicative of a specific structural distortion around this cation
in the ternary oxides. It should be, however, noted that UV-
vis spectrasresults not shownd indicate a gradual loss of
absorbance at 633 nm for samples having a 1:1 Ce:Zr atomic
ratio and decreasing quantities of Tb. Therefore, the sample

depth analyzed by Raman varies significantly and differences
in Tb radial distribution in the nanoparticles may also affect
the 604-cm−1 peak behavior. A nonhomogeneous radial dis-
tribution of Tb is, however, not expected due to the lack of
segregation after treatment at high temperaturesssee belowd.
This phenomenon does not occur in the 1:1 Ce:Tb series as
their absorbance at 633 nm is rather high in all cases.

Based on previous experience with Ce binary
oxides,8,18–21 the presence of two bands at ca. 600–550 and
250 cm−1 together with the F2g fluorite-related 475 cm−1

peak can be associated with simple structural distortions of
the cubic-fluorite oxygen sublattice. The broad peak at
604 cm−1 may also content a vacancy-related second-order
contribution.36sbd In any case, the spectra are compatible with
a pseudocubic, tetragonalt9 symmetry,36 and consistent with
the tetragonal-like symmetry obtained from the DF calcula-
tions. The marked asymmetry of the main 475 cm−1 peak
and the broad nature of all contributions with respect to a
CeO2 nanoparticle reference8 indicate the existence of strong
phonon confinement effects,16 which could be a consequence
of either a nonhomogeneous distribution of vacancy domains
sordering effect of the vacancy distributiond and/or the struc-
tural distortion of the oxygen sublattice already mentioned.

Figure 7 shows time-resolved XRD results obtained after
heating a sample of Ce0.33Zr0.33Tb0.33O2 nanoparticles from
25 to 925 °C. At room temperature, the diffraction lines are
broad due to the very small size of the particless,4 nmd.

FIG. 5. Strain parametersobtained from XRD patterns at 25 °Cd for CeO2,
Ce0.5Zr0.5O2, Ce0.5Tb0.5O2, and Ce1−x−yZrxTbyO2 nanoparticles.

FIG. 6. Raman spectra taken at 25 C for a series of Ce1−x−yZrxTbyO2

nanoparticles.

FIG. 7. Time-resolved XRD results obtained after heating a sample of
Ce0.33Zr0.33Tb0.33O2 nanoparticles from 25 to 925 °C. Heating rate
=6 °C/min, andl=0.922 Å.
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They match well with the diffraction pattern for a structure
of the CeO2 fluorite type.4,8 Up to 550 °C, only minor
changes in the diffraction lines are seen. Above 600 °C, the
diffraction lines for the mixed-metal oxide become sharper
and intense due to sintering of the nanoparticles. After the
sintering, there is a small change in the relative position of
the diffraction lines that points again to a slight cell distor-
tion. This is consistent with the DF results for bulk
Ce0.33Zr0.33Tb0.33O2. The results of time-resolved XRD dis-
played in Fig. 7 are typical of those found upon the heating
of the Ce1−x−yZrxTbyO2 nanoparticles. For all of these sys-
tems, there was no segregation of TbOx or ZrOx phases at
elevated temperatures.

The top panel in Fig. 8 shows the effects of temperature
on the particle sizes of nanoparticles of CeO2, Ce0.5Zr0.5O2,
Ce0.5Tb0.5O2, and Ce0.33Zr0.33Tb0.33O2. The particle sizes
were refined from TR-XRD data using a whole profile
method. In general, they agree with the sizes seen in TEM
images taken at room temperature.9 At temperatures above
600 °C, there is sintering and the particle size rises. The
amount of sintering is smaller for the ternary
Ce0.33Zr0.33Tb0.33O2 oxide. This is visible in the slopes of
the linear behavior detected above 600 °C; these slopes
decrease in the order CeO2.Ce0.5Tb0.5O2.Ce0.5Zr0.5O2

.Ce0.33Zr0.33Tb0.33O2. The bottom panel in Fig. 8 displays
the effects of temperature on the cell dimensions of the oxide
nanoparticles. Two different slopes are observed with the
break point at around 600 °C. The different slopes imply that
the change in cell dimension was not only a consequence of
thermal expansion, which dominates below 600 °C,8 but was
also affected by the sintering process above that point.

B. Electronic properties of Ce 1−x−yZrxTbyO2

Experimental and theoretical studies indicate that bulk
CeO2 is not a fully ionic oxide,6–8 and is best described as an
ionocovalent compound or covalent insulator.6scd,8 The results
of the DF calculations for bulk Ce0.33Zr0.33Tb0.33O2 indicate
that the charges on the cations are far from the formal value
of +4. The valence bands of the oxide contain not only O 2p
character but also a significant contribution from orbitals of
Ce, Zr, and Tb. Table I compares Mulliken charges calcu-
lated for bulk CeO2, Ce0.5Zr0.5O2, Ce0.5Tb0.5O2, and
Ce0.33Zr0.33Tb0.33O2. The Ce↔Zr and Ce↔Tb substitutions
produce an increase in the positive charge of the Ce atoms
that remain in the oxide lattice. In the ternary oxide, there is
an important contraction of the cell parameterss,0.12 Åd
with respect to CeO2 that leads to a reduction in the Ce–O
bond distances and, thus,18 should give an increase in
the positive charge of cerium. Metal↔oxygen↔metal
interactions15,19,31also contribute to enhance the Ce positive
charge.

Figure 9 displays OK-edge XANES spectra taken at
room temperature for CeO2 and the Ce1−x−yZrxTbyO2 nano-

FIG. 8. Variation of particle sizestop paneld and cell dimensionsbottom
paneld with temperature for nanoparticles of CeO2, Ce0.5Zr0.5O2 sCZ11d,
Ce0.5Tb0.5O2 sCT11d, and Ce0.33Zr0.33Tb0.33O2 sCZT111d. Heating rate
=6 °C/min.

TABLE I. Calculated Mulliken chargessed

Compound qsCed qsZrd qsTbd

CeO2 1.42 ¯ ¯

Ce0.5Zr0.5O2 1.57 1.39 ¯

Ce0.5Tb0.5O2 1.48 ¯ 1.47
Ce0.33Zr0.33Tb0.33O2 1.52 1.35 1.45

FIG. 9. OK-edge XANES spectra taken at room temperature for CeO2 and
Ce1−x−yZrxTbyO2 nanoparticles. The notation used to label the mixed-metal
oxides is explained in Sec. II A. The top panel compares the experimental
spectrumssolid traced for Ce0.33Zr0.33Tb0.33O2 nanoparticles and that ob-
tained by adding the corresponding spectra for CeO2, ZrO2 sRef. 18d, and
TbOx sRef. 8d weighted by the concentration of the metals in the ternary
oxide sdashed lined.
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particles. The first three peaks in the spectrum for pure CeO2

are related to electronic transitions from the O 1s core levels
into the empty O 2p-hole states located in the cerium-
dominated 4f, 5deg, and 5dt2g levels/bands.18 Once that zir-
conium and terbium are present in the oxide, then electronic
transitions from the O 1s core levels to the O 2p-hole states
located in Zrs4dd- and Tbs4f ,5dd-dominated states are
possible.8,18 The addition of Zr and Tb to ceria produces
substantial changes in the line shape of the OK-edge region.
The top panel in Fig. 9 compares the experimental spectrum
ssolid traced for Ce0.33Zr0.33Tb0.33O2 nanoparticles and that
obtained by adding the corresponding spectra for CeO2,
ZrO2,

18 and TbOx sRef. 8d weighted by the concentration of
the metals in the ternary oxidesdashed lined. There are small
but clear differences in the line shape of the experimental
and calculated spectra. This can be detected in the energy
position of the four Ce-dominated continuum resonances
sCRsd visible in the spectra; they are shifted from the “sum”
spectrum maxima according to thesER−E0d R2=const rule
swhereER is the energy of the resonance,E0 is the zero of
the photoelectron kinetic energy, andR is the first coordina-
tion distanced37 which predicts a larger separation for CRs
located at higher energy, indicating that the main difference
between these two spectra is related to the cell parameter
contraction of the ternary system with respect to the CeO2

reference system. Besides this, the peaks are broadened by
the increasing disorder of the ternary oxidessee strain dis-
cussion in Sec. III Ad as well as by the presence of the men-
tioned Zr and Tb contributions.

Ce LIII -edge XANES spectra for CeO2 and
Ce1−x−yZrxTbyO2 nanoparticles are shown in Fig. 10. The Ce
LIII edge is frequently used as a “fingerprint” to characterize
the electronic properties of ceria-based materials.16,18,37,38

However, the electronic transitions behind these XANES
features are complex and not fully understood.37,38 The two
main peaks correspond to two final-state configurations, de-
scribable as f *g4f1Ln−15d1 and f *g4f0Ln5d1.38 The Ce
LIII -edge spectra for the mixed-metal oxides show minor dif-

ferences with respect to that for pure CeO2. No clear signal is
seen for the presence of cerium atoms in a formal oxidation
state of “+3”.16,19,37,38

Figure 11 displays ZrLIII -edge spectra for bulk ZrO2 and
Ce1−x−yZrxTbyO2 nanoparticles. At the temperatures at which
the spectra were acquireds,25 °Cd, a monoclinic crystal
structure is the thermodynamically stable phase for micro-
sized or bulk ZrO2.

4,16 The two main featuressa,bd in the Zr
LIII edge correspond to electronic transitions from the occu-
pied Zr 2p orbitals to the empty Zr 4d orbitals, which are
split into orbitals witht and e symmetry.37,39 In oxides, the
relative intensity of thea and b peaks depends strongly on
the chemical environment around the Zr cations.18,39 For the
Ce0.5Zr0.5O2, Ce0.45Zr0.1Tb0.45O2, and Ce0.40Zr0.2Tb0.40O2

nanoparticles, the Zr atoms seem to have a local geometry
that is different from that of monoclinic ZrO2 or tetragonal
Zr doped into Y2O3.

39 In fact, this result indicates a
pseudocubic, tetragonalt9 structure similar to that of the
Ce0.5Zr0.5O2 reference, and thus a 4+2 oxygen
coordination.40 On the other hand, for Ce0.33Zr0.33Tb0.33O2

and Ce0.45Zr0.45Tb0.1O2, the line shape of the ZrLIII -edge
spectra indicates that the Zr atoms have a local geometry
similar to that of monoclinic ZrO2 and a 4+3 oxygen first
shell coordination.40 This can help to explain why the cell
parameters of these systems deviate so much from the pre-
dictions of Vegard’s rulesbottom panel in Fig. 4d. A point to
remark is that the presence of Tb in ternary systems having
equal amounts of Ce and Zr strongly influences the local
geometry of Zr, modifying the typical one characteristic of
the “parent” Ce0.5Zr0.5O2 binary system.9,10,18 Independently
of the local geometry, Zr is in the +4 oxidation state through
the ternary series studied.

Tb LIII -edge spectra for a TbOx referencesprobably
Tb4O7,

41 stoichiometric TbO2 is very difficult to prepare34d

FIG. 10. CeLIII -edge XANES spectra for CeO2 and Ce1−x−yZrxTbyO2 nano-
particles taken at room temperature.

FIG. 11. Room-temperature ZrLIII -edge XANES spectra for monoclinic
ZrO2, Ce0.5Zr0.5O2, and Ce1−x−yZrxTbyO2 nanoparticles.
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and Ce1−x−yZrxTbyO2 nanoparticles are compared in Fig. 12.
Two intense components,a andb, and a weak, broad one are
evident in the spectrum for TbOx. In terbium oxides, thea/b
intensity ratio increases when Tb4+ is progressively reduced
to Tb3+.8,37,42 All lanthanide oxides only display a single
peak near the edgeswhite lined for the +3 state.37,42 The
XANES spectra in Fig. 12 indicate that Ce0.45Zr0.45Tb0.1O2

and Ce0.4Zr0.4Tb0.2O2 only contain Tb3+, a trace of Tb4+ may
be present in Ce0.33Zr0.33Tb0.33O2, with a small amount of
Tb4+ in Ce0.4Zr0.2Tb0.4O2 and Ce0.45Zr0.1Tb0.45O2. This trend
in the content of Tb3+ agrees with the trend found for the O
occupancies in a Rietveld analysis of the corresponding
XRD patterns. The high concentration of Tb3+ in the ternary
oxides is unexpected. If one compares to TbOx and
Ce1−xTbxO2 samples,8 one finds that the Ce1−x−yZrxTbyO2

compounds always have a relatively low content of Tb4+,
even when the concentration of terbium is as high as 33%. In
order to understand this phenomenon better, we used DF
calculations to examine the formation of oxygen vacancies in
bulk CeO2, TbO2, Ce0.66Tb0.33O2, and Ce0.33Zr0.33Tb0.33O2.

Starting with the unit cell shown in Fig. 1, we calculated
the DE associated with the following reactions:

Ce12O24ssolidd → Ce12O22ssolidd + O2sgasd, s1d

Tb12O24ssolidd → Tb12O22ssolidd + O2sgasd, s2d

Ce8Tb4O24ssolidd → Ce8Tb4O22ssolidd + O2sgasd, s3d

Ce4Zr4Tb4O24ssolidd → Ce4Zr4Tb4O22ssolidd + O2sgasd.

s4d

In principle, if one assumes the validity of formal oxidation
states, the removal of two O atoms from the unit cell leaves
behind four electrons that can be used to reduce the charge of
four metal cations from +4 to +3. Of course, the process is

more complex than this because none of the oxides in reac-
tions s1d–s4d is fully ionic. The results of the DF calculations
indicate that the energy necessary for the removal of O de-
creases following the sequence: Ce12O24.Tb12O24

.Ce8Tb4O24.Ce4Zr4Tb4O24. For pure ceria reactions1d is
highly endothermic,1,19 while for the ternary oxide reaction
s4d is slightly exothermic sDE=−0.12 eV per cell, or
−0.005 eV per O atomd. In the reduced Ce8Tb4O22 and
Ce4Zr4Tb4O22 systems, the most stable configurations were
those in which the O vacancies were close to Tb atoms. In
these mixed-metal oxides, the electrons left behind after the
removal of O go to empty bands mainly dominated by
Tbs4f ,5dd character. In practical terms only the Tb is re-
duced. The empty bands with Tbs4f ,5dd character are more
stable in the mixed-metal oxides than in the pure terbium
oxide. The causes for this phenomenon are in
metal↔oxygen↔metal interactions and in the fact that Tb
is located in oxide cells which are larger than that of TbO2.
Thus, there is a reduction in electron–electron repulsion and
the extra volume necessary for a Tb4+→Tb3+ reduction is
more available in the mixed-metal oxides. These effects are
particularly important in the Ce0.33Zr0.33Tb0.33O2 system,
where there are significant Tb↔O↔Zr interactions and the
volume occupied by the Zr cations in the oxide lattice is
smaller than those of the Ce or Tb cations. The net result is a
stabilization of the Tbs4f ,5dd states and a very large concen-
tration of Tb3+ cations.

C. Tb3+ concentration, lattice defects, and the
chemical activity of Ce 1−x−yZrxTbyO2 nanoparticles

The magnitude of the strain parameter in Fig. 5 corre-
lates with the amount of oxygen vacancies in the oxide
nanoparticles. XANES shows the absence of Ce3+ in all of
the samples, and there is no Zr3+ in the Ce0.5Zr0.5O2 or
Ce1−x−yZrxTbyO2 systems. In contrast, Tb3+ is present in the
Ce0.5Tb0.5O2 sRef. 8d and Ce1−x−yZrxTbyO2 systems, being by
far the dominant terbium species in the ternary oxides.
The stoichiometry of our ternary mixed oxides is thus rather
close to Ce1−x−yZrxTbyO2−y/2. It must be pointed out that not
only O vacancies contribute to the strain parameter other
point defects, line defects, and plane defects are important.16

All of these have an effect in the average size of the unit cell
and, thus, contribute to the deviations seen in Figs. 3 and 4
with respect to the Vegard’s rule predictions. The ternary
systems are clearly nonideal, and one cannot predict their
behavior as an extrapolation of the behavior observed for the
single oxides or the Ce–Zr and Ce–Tb
binary mixtures. The Ce↔Zr and Ce↔Tb exchanges intro-
duce metal↔oxygen↔metal interactions that are unique for
the ternary oxide.

In previous studies a qualitative correlation between the
strain parameter and the chemical reactivity of oxide nano-
particles was found.8,10sed,17 Studies with well-defined single-
crystal surfaces have shown the important role that O vacan-
cies and structural imperfections play in the chemical
properties of ceria-based oxides.17,43 The reduction by reac-
tion with H2 and the cleavage of the S–O bonds in adsorbed
SO2 should be affected by the high concentration of Tb3+

FIG. 12. TbLIII -edge spectra for a TbOx referencesprobably Tb4O7d and
Ce1−x−yZrxTbyO2 nanoparticles at 25 °C.
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cations and lattice defects in the Ce1−x−yZrxTbyO2

nanoparticles.8,17 Indeed, preliminary studies of
H2-temperature programmed reduction indicate that these
ternary oxides start to react with H2 s50–100 °Cd much
sooner than pure ceria nanoparticless.300 °Cd.44 In addi-
tion, the adsorption of SO2 on ceria nanoparticles at 25 °C
produces SO4/SO3 groups with a negligible decomposition
of the adsorbate,17 whereas on Ce0.33Zr0.33Tb0.33O2 a substan-
tial amount of sulfur is deposited on the oxide as a result of
S–O bond cleavage.44

Ce1−xTbxO2 compounds have been reported to have a
superior performance in the storage or release of oxygen
when forming part of the three-way catalystssTWCd used to
reduce the emissions of CO, NOx, and hydrocarbons from
automobile exhaust.20,21,45It was proposed that the presence
of O vacancies associated with Tb3+ contributed to enhance
the oxygen mobility.21 In this respect, since the concentration
of Tb3+ in Ce1−x−yZrxTbyO2 is larger than in Ce1−xTbxO2, one
can expect that the ternary oxides will be very good for the
storage/release of oxygen.

IV. SUMMARY AND CONCLUSIONS

Synchrotron-based time-resolved XRD, XANES, Raman
spectroscopy, and first-principles DF calculations were used
to study the structural and electronic properties of Ce–Zr–Tb
oxide nanoparticles. The Ce1−x−yZrxTbyO2 ternary systems
exhibit a complex behavior that cannot be predicted as a
simple extrapolation of the properties of Ce1−xZrxO2,
Ce1−xTbxO2, or the individual oxidessCeO2, ZrO2, and
TbO2d. The doping of ceria with Zr and Tb induces a de-
crease in the oxide unit cell, but there are large positive
deviations with respect to the cell parameters predicted by
Vegard’s rule for ideal solid solutions. The presence of Zr
and Tb generates strain in the fluorite lattice through the
creation of crystal imperfections and O vacancies.

The Ce1−x−yZrxTbyO2 systems are not fully ionic, and are
best described as ionocovalent compounds. The valence
bands of the ternary oxides contain not only O 2p character
but also a significant contribution from orbitals of Ce, Zr,
and Tb. The OK-edge and TbLIII -edge XANES spectra for
the Ce1−x−yZrxTbyO2 nanoparticles point to the existence of
distinctive electronic properties. In Ce1−x−yZrxTbyO2 there is
an unexpected high concentration of Tb3+, which is not seen
in TbO2 or Ce1−xTbxO2 and enhances the chemical reactivity
of the ternary oxide. Tb↔O↔Zr interactions produce a sta-
bilization of the Tbs4f ,5dd states that is responsible for the
high concentration of Tb3+ cations. This phenomenon illus-
trates how important can be metal↔oxygen↔metal interac-
tions for determining the properties of a ternary oxide.
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