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Ceria-based ternary oxides are novel materials with potential use in many areas of chemistry, physics,
and materials science. Synchrotron-based time-resolved X-ray diffraction (TR-XRD), X-ray absorption
near-edge spectroscopy (XANES), Raman and infrared spectroscopies (RS and IR), and density-functional
(DF) calculations were used to study the structural and electronic properties-¢ €€a (M= Zr, Th)
oxide nanoparticles. The nanoparticles were synthesized following novel microemulsion and citrate methods
and had sizes in the range of8 nm. The atoms in these nanoparticles adopted a Fluorite-type structure
and exhibited cell parameters with deviations with respect to the values predicted by Vegard'’s rule for
ideal solid solutions. The simultaneous presence of Zr/Tb and Ca creates strain in the Fluorite-type lattice
which correlates with the presence and number of oxygen vacancies through-thé—a samples.

The oxygen vacancy and cation distributions of the nanopatrticles are strongly affected by the preparation
method. The XANES/density-functional theory study indicates that@e-Ca solid solutions display
distinctive electronic properties. In the €&r—Ca system, the Zr(4d) splitting intggtand g orbitals is
affected by the presence of Ca, leaving the Ce orbitals mostly unaffected. This is a consequence of the
local environment of the Zr cations, which is modified from a monoclinic-like to a tetragdhayinmetry

as the Ca content rises. In €&b—Ca solid solutions, there is a progressive stabilization of the fully
oxidized Tb state (TH) as the Ca content increases, mainly to minimize the strain of the structure. In
both systems, Ca <> O?>~ <= M"" interactions play a major role in the structural and electronic properties
and are critical to interpret the thermal behavior of the materials.

[. Introduction materials with enhanced oxygen handling properties and
thermal stability. The two types of properties are of

Ceria (CeQ) is an oxide with important implications in . X . A ) .
areas of catalysis, electrochemistry, photochemistry, an d!mportance in combustion/oxidation reactions taking place

materials scienck.® Novel applications of Ce-based oxides Itrr: al:itrortnio blIz(;:ign\rqeﬁerstflaigddsci)::dt-hoxme fu;alt?élﬁv}/?éﬁ
use binary oxide solid solutions whose performance primarily € first1s additionally utilize € separation o

depends on the patrticle size, structural characteristics, ano""nd cryogenic refr|gerat|oH.Opt|mum.pr0pert|es for'the
the chemical nonstoichiomet?y® Among these Ce-based applications mentioned above are typically reached in both

; : _ Ce—Zr and Ce-Th cases with a stoichiometry approaching
I I Zr58 Tb>% 11 h I ; .
solid solutions, CeZr>™ and Ce-Tb ave lead to a 1:1 Ce/M (M= Zr, Tb) atomic ratio>"'* On the other
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contrast with solid state techniques, nanosize materials withto gain further insight into the behavior of Ca-doped Ce-
high structural and chemical homogeneity, which, apparently, based ternary oxide solid solutions. In this article we
display improved performance, particularly thermal stability, investigate the structural and electronic properties of Ce
with respect to nonhomogeneous materi&ls. M—Ca oxide nanoparticles using X-ray absorption near-edge
Ceria-based ternary oxide solid solutiéhd* have been spectroscopy (XANES), Raman and infrared spectroscopies
less investigated than binary compoudds, but their (RS/IR), time-resolved X-ray diffraction (TR-XRD), and
technological importance is expected to be high soon as theyfirst-principles density-functional (DF) calculations. Our
constitute a natural way to improve the properties of results clearly show that Ca addition to binary-&& and
nowadays standard binary oxide solid solutions. In the most Ce—Tb solid solutions gives distinctive properties not seen
simple approximation, one can assume that the structural androm parent (single or binary) oxides. A second objective of
electronic properties of a mixed-metal oxide are an inter- the study is to compare the performance of two preparation
polation of the properties of the single oxides, that is, there methods specifically devised to yield nanosize materials. In
is an absence of metat oxygen< metal interactiong>26 our case, this objective has been particularly focused on the
In this respect, Ce-based binary solid solutions mostly behaveanalysis of the thermal stability of the solid solutions.
as ideal ones; they obey the Vegard's fdié! and their
electronic properties change rather smoothly with respect to Il. Experimental and Theoretical Methods
ceria>®811 A special case may concern €&b solid
solutions as a decreasing quantity of the lower oxidation state II.1. Preparation of the Ce—Zr —Ca and Ce-Th—Ca Oxides.
(Tb®") has been noticed as the Tb content of the material Oxide nanoparticles contai_ning Ce, M (_Zr and Tt_)), and Ca were
grows!%11 The more or less “ideal behavior” may not be, prep_ared using an adaptat_lon of the mlcroemulsm_n metho_d used
however, followed by Ce-based ternary oxitfess a previously for the synthesis of €&r and Ce-Tb binary solid

. . solutions®11-28The microemulsion method is based on the prepara-
consequence of structural and electronic perturbations of

tal< - tal and hiah der int " It tion of water in organic microemulsions, constituted by small water
metal=> oxygen=> metal and higher-order interactions. droplets in which metal precursors can be dissolved for obtaining

is important to identify these structural and electronic fina| metal oxide nanoparticles. For this purpose, a microemulsion
perturbations because they can determine chemical reactivityformed by a base-containing agueous solution is added to other
of Ce-based materials?® microemulsions containing the (Ce, Zr, Ca) nitrate metal salts

In this article we focus on the analysis of Ca-containing (changing the metal ratios but fixing the metal concentration), and
Ce—Zr and Ce-Tb ternary solid solutions. Ca has been the addition causes the hydrolysis of the metals and the corre-
shown to maximize the oxygen storage of Ce-based materi-sponding hydroxide precipitation. The final calcination of the
als'7 and Ce-Ca materials have practical application on the p_recipitate at 500C yields the desired mi>_<ed oxide. An additional
destruction of S@?7 Also, Ce-Zr—Ca oxides are formed C|tr_ate method was used f_or the syr_1theS|s of-Ze-Ca samplt_es.
by contact between Ceria-based and Ca-doped ZirconiaThls latter method essentially consists of a—sgél process using

- metal-citrate precursors. These precursors are aqueous solutions

components of fuel cells under operati§ior such practical

. S8t is i of nitrate metal salts and citric acid of known concentrations. When
reasons as well as for academic reasonSit is important the mole ratios of the metals, the pH, and the temperature are

controlled, it is possible to obtain a black viscose precursor, which
(15) Tsunekawa, S.; Ishikawa, K.; Li, Z. Q.; Kawazoe, Y.; Kasuya, A. drying and subsequent calcination at 8@produces the formation

(16) I;r;);s;].ige.JLEtt_ ﬁ%%?ngg’ns?é‘m.j . Zhang, F.; Chan, S.-W.: Herman, 1, ©f the wanted mixed oxide. As a result, a total of three series of
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17) gzhang, Y.; Anderson, S.; Muhammed, Mppl. Catal. B1995 6, stand for Ce, Zr, Tb and Ca, and c/m indicates the series prepared
(18) Nigara, Y.: Watanabe, K.: Kawamura, K.. Mizusaki, J.: Kawada, T. by t.he citrated/microemulsion method), were synthesized. For each
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(20) Karula, C. K.; Haack, L. P.; Chun, W.; Jen, H. W.; Graham, GJW. CQ"33| b°'33ca°t'330 ;(g p Z) eTabsoeda ed sa pfffft atf gd
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(21) Ikryannikova, L. N.; Aksenov, A. A.; Markaryan, G. L.; Murase Ce.4M0.45Ca 10, and Cg Mo L 0,, With M = Zr, Th (CZA992/

S.ZESlKgiguzlsz. G.; Kharlanov, A. N.; Lunina, E. YAppl. Catal. CZA992c/CTA992 and CZA442/CZA442c/CTA442 in our nota-
(22) Kimpton, J.: Reﬁdle, T. H.: Dennan, J. Solid State Chen2002 tion). References for CeZr, (;e—Tb, and Ce*C.a systems having

199, 89. equal amounts (or a 2:1 ratio) of the two cations were labeled as

(23) Ferriadez-Gar@, M.; Martnez-Arias, A.; Guerrero-Ruiz, A;; Conesa,  CZ11, CT11, and CA21, respectively. In these ternary systems,

J. C.; Soria, JJ. Catal.2002 211, 326. i ;
(24) Wang, X.: Hanson, J. C.. Rodriguez, J. A: Belver, C.: Frea- there are oxygen vacancies present (i.e., oxygen/metal fafip
Garcéa, M. J. Chem. Phys2005 122 No. 154711. but for simplicity we will label and refer to them as Lg \M,Ca,0;
(25) Harrison, W. A.Electronic Structure and the Properties of Sojids  or by the CMZxxx(c) notation.
Dover: New York, 1980.

(26) (a) Weller, M. TInorganic Materials ChemistryOxford, New York, I1.2. TR'XRD Experiments. The TR-XRD data were collected
1994. (b) West, A. RSolid State Chemistry and its Applications ~ at beamlines X7BA = 0.9220+ 0.0005 A) and X17B1X =
Wiley: New York, 1997. 0.16554+ 0.0005 A) of the National Synchrotron Light Source

(27) de Carolis, S.; Pascual, J. L.; Petterson, L. G. M.; Baudin, M.; Wojcik,

M.; Hermansson, K.; Palmquist, A. E. C.. Muhammed, 34.Phys. (NSLS) in Brookhaven Nathnal Laboratory (BNL). An identical

Chem. B1999 103 7627. setup system was employed in both beamlit#é48The wavelength
(28) (a) lgkasiaS-Juez,A.; HurigriA. B.; Gavez, O, l\/(ljartnefZ-Arias,A.:I calibration was determined with the FIT2D code based on the

Fernaadez-Gar@, M.; Conesa, J. C.; Soria, &tud. Surf. Sci. Catal. i ; 8,28,29 _ i

2001 138 347. (b) Rodriguez, J. A+ Wang, X.: Hanson, J. C. Liy, diiraction pattern for Lag®***%In the TR-XRD experiments

G.; Iglesias-Juez, A.; Fefndez-Gara, M. J. Chem. Phy2003 119 dealing with the thermal stability and sintering of the, Ge,ZrTh,O,

5659. nanoparticles, the sample was kept in a sapphire capillary and heated
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using a small resistance heater placed around the capiflaky.

chromet-alumel thermocouple 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
integrated using the FIT2D cod@From the XRD data, accurate

lattice constants were determined by a Rietveld analysis using the

GSAS (general structure analysis system) progtaia calculate

the strain in the lattice of the @g,Zr,Th,0O, samples, we used
the commercial Reflex packa@eprovided by Accelrys. The
instrument parameters were derived from the fit of a Si reference
pattern to the ThompserCox—Hastings profile coefficientg® and
Berar-Baldinozzi asymmetry correctici Then, the sample si&¢

and strain Aa/a, a = cell constanf?e were determined from the
peak broadening in the nanoparticles. From the variation of the
peak width with 2 in powder diffraction, one can obtain a strain
parametéere that is a measure of the lattice stress existing in the
oxide because of crystal imperfectionsxygen vacancies, other
point defects, line defects, and plane defects.

11.3. XANES Experiments. The K-edge spectrum of Ca and
the Ly, -edge spectra of Ce, Zr, and Th were collected at the NSLS
on beam line X19A in the “fluorescence-yield mode” using a
boomerang-type flat crystal monochromator and a special cell with
a modified Stera-Heald-Lytle detecto@!1bAll the XANES spectra
were taken at room temperature using a constant scan step of 0.

eV through the edge region, and the energy resolution was close

to 0.5-1.0 eV.
11.4. RS and IR Spectroscopy ExperimentsRS spectra were

obtained at room temperature with a Renishaw Dispersive system

1000, equipped with a cooled TCD 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 ef 15

min of acquisition time, using a typical running power of 20
mW. Care was taken in minimizing heating of the samples; peak
positions were found to be constant withir-2 cnr?.

Diffuse reflectance infrared spectra (DRIFTS) were taken in
Bruker Equinox 55 Fourier transform infrared spectrometer fitted
with a mercury cadmium telluride detector. The spectra consisted
of 400 accumulations with a total of 5 min of acquisition time,
using a 4-cm? resolution.

11.5. Thermogravimetric Measurements. Analysis of carbon-

ate-like phases present on the materials was performed by using germutation

thermogravimetric-mass spectrometer (TG-MS) system from Per-
kin-Elmer TG-7. Samples were treated in dry air up to the
calcination temperatures and cooled in nitrogen. After the pretreat-
ment they were subjected to a heating ramp of@0min~? from
25 to 925°C under a 20% &N,. The evolving gaseous products
were detected by mass spectrometry; only,@P(m/z = 44) was
observed in the experiments as a carbon-containing molecule.
11.6. Theoretical Methods. The first-principles DF calculations
reported in section Il were performed using the CASTEP (Cam-

(29) (a) Norby P.; Hanson, Latal. Today1998 39, 301 and references
therein. (b) Chupas, P. J.; Ciraolo, M. F.; Hanson, J. C.; Grey, C. P.
J. Am. Chem. So@001, 123 1694.

(30) Hammersely, A. P.; Svensson, S. O.; ThompsonNAcl. Instrum.
Methods Phys. Re4994 346, 321.

(31) (a) Larson, A. C.; von Dreele, R. BSAS General Structure Analysis
SystemReport LAUR 86-748; Los Alamos National Laboratory: Los
Alamos, NM, 1995. (b) Reitveld, A. M. Appl. Crystallogr1969 2,

65. Values ofa obtained taking into consideration asymmetry effects
are a little bit different (0.040.02 A) from those obtained ignoring
asymmetry?28°Independently of this, variations of the same order in
the lattice dimension can be expected depending on the exact
experimental procedure used for the preparation of the nanopatrticles.

(32) (a) Reflex package provided by Accelrys. (b) Thompson, P.; Cox, D.
E.; Hastings, J. BJ. Appl. Crystallogr 1987 20, 79. (c) Baldinozzi,

J.; Berar, J. FJ. Appl. Crystallogr.1993 26, 128. (d) Scherrer, P.
Gott. Nachr.1918 2, 98. (e) Young, R. AThe Rieteld Method
Oxford Press: Oxford, 1993 (IUCR Mono. Cry$§).

Chem. Mater., Vol. 17, No. 16, 208483

Ce4M4Ca4024 cell

Figure 1. Unit cell used to study the properties of bulk -€&—Ca
(2:1:1) solid solution. The unit cell contains 4 atoms of Ce, 4 atoms of M,
4 atoms of Ca, and 24 atoms of O. The positions of the metal cations were
exchanged in the unit cell to reflect a random solid solution (see text). In
the figure is shown a possible configuration for the ternary oxide.

bridge Serial Total Energy Package) suite of progréh@ASTEP

has an excellent track record in accurate prediction of geometry
and energy for oxide systerfiglb.28b.33a.39n this code, the wave
functions of valence electrons are expanded in a plane wave basis
set with k vectors within a specified energy cutdf,,. Tightly

éaound core electrons are represented by nonlocal ultrasoft pseudo-

potentials®® Brillouin Zone integration is approximated by a sum
over speciak points chosen using the Monkhordg?ack schemé®

In all the calculations, the kinetic energy cutéf,; (400 eV) and

the density of the MonkhorstPackk-point mesh were chosen high
enough to ensure convergence of the computed structures and
energies. The exchange-correlation contribution to the total elec-
tronic energy was treated in a generalized-gradient corrected form
of the local density approximation: PerdeBurke—Ernzerhoff
functional3”

To investigate the properties of the bulk-©d—Ca oxide, we
employed the cell shown in Figure 1, which contained 24 O atoms
plus 4 atoms of Ce, M (M= Zr, Tb), and Ca (12 metal atoms in
total). In a first approximation, the atoms of M and Ca were set in
the pattern shown in Figure 1. Then, possible permutations for the
four M and four Ca atoms were considered, and the properties of
materials were determined by taking an average over all these
$8 For each one of these permutations, we relaxed the
crystal geometry, before obtaining average values of lattice
constants, metaloxygen distances, charges, and so forth. The
structural parameters of bulk Ce@nd the Ce-M—Ca systems in
its different configurations were determined using the Broy¢len
Fletcher-Goldfarb—Shanno (BFGS) minimization technique, with
the following thresholds for the converged structures: energy
change per atom less thanx510° eV, residual force less than
0.02 eV/C, the displacement of atoms during the geometry
optimization less than 0.001 C, and the root mean square 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

(33) (a) Milman, V.; Winkler, B.; White, J. A.; Pickard, C. J.; Payne, M.
C.; Akhmatskaya, E. V.; Nobes, R. fht. J. Quantum Chen200Q
77, 895. (b) Payne, M. C.; Allan, D. C.; Arias, T. A.; Johannopoulus,
J. D.Rev. Mod. Phys 1992 64, 1045.

(34) (a) Rodriguez, J. ATheor. Chem. Ac002 107, 117. (b) Dawson,
I.; Bristowe, P. D.; Lee, M. H.; Payne, M. C.; Segall, M. D.; White,
J. M. Phys. Re. B 1996 54, 13727. (c) Lindan, P. J. D.; Harrison, N.
M.; Holender, J. M.; Gillan, M. JChem. Phys. Letl996 261, 246.

(35) Vanderbilt, D.Phys. Re. B 199Q 41, 7892.

(36) Monkhorst, H. J.; Pack, J. Phys. Re. B 1976 13, 5188.

(37) Perdew, J. P.; Burke, K.; Ernzerhof, Rhys. Re. Lett. 1996 77,
3865.

(38) Rodriguez, J. A.; Etxeberria, A.; Gonlea, L.; Maiti, A. J. Chem.
Phys.2002 117, 2699.
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onto a localized basis set (which included pseudo-orbitals represent- 1061 1354 1561 1650
ing the valence levels of O, Ce, Zr, Th, and Ca) with a subsequent A : : P
Mulliken population analysi&® Any charge partition scheme has
approximationg?® but the Mulliken analysis has been shown
frequently to be useful for studying qualitative trends in charge
distribution®11.28

I1l. Results and Discusion

[1l.1. Analysis of Carbonate PhasesAs it is well-known,
Ca-containing samples may contain a small amount of
carbonate phases even if they are not detected as a separate
phase by diffraction techniquéd?® A TG-MS analysis in
dry air showed evolution of COto the gas phase at
temperatures above 70TC, indicating the presence of ; : P
carbonate phases in our samples. IR allows the nature of s00 750 1000 1250 1500 1750 2000
such phases to be discerned, giving evidence of the presence
of Ca carbonates and, to a much less extent, of other (mainly
Ce) carbonates (Figure 2). The existence of a small amount
of Ce—carbonates is shown by the presence of a peak at
about 1650 cm!, also present in the CeOreference,
although water may contribute to this region. This peak is
particularly evident on all samples of the CZAm series.
Despite this, the analysis of the whole IR spectrum shows
the dominant presence of €aarbonates; these materials
contain unidentate (bands at 1500, 1420, and 1060%cm
and bidentate (bands at 1550, 1315, and 1050 ‘fm
specieg?*? The fact that these species are not detected by
any diffraction technique (including electron diffraction)
evidences the lack of long range order. As a general result,
the analysis of the 14501300 cn1! region indicates the
coexistence of unidentate and bidentate species for all series o
of samples. On the other hand, the microemulsion method 500 750 1000 1250 1500 1750 2000
seems to favor the presence of bidentate species with respect
to the citrate method. This latter may be an inherent property
of the preparation method but the different calcination 1060 1393 1561 1650
temperatures (500 vs 60C) should also be considered to C : : i
explain the result (although not big differences are expected
as a function of the calcination temperatures mentioned above
in view of the TG-MS data).

A quantitative estimation of the amount of €earbonates
was done by using TG-MS, and results from these experi-
ments are summarized in Table 1. The measured amount ofg
carbonate phase always grows with the Ca content in theEJ
materials and is lower for samples of the CZAc series.
Assuming that such a phase was mainly of the Catype,
as the IR suggested?? the (Ce+ M)/Ca atomic ratio of
the oxide phase was evaluated. Departures from the expected
values of the Ca atomic content of the oxide materials are : : T
in the +0.07 atom fraction interval. Table 1 also includes 500 ' 750 ' 10I00 ' 12I50 ' 15|00 ' 17|50 ' 2000

Reflectance / %

Wavenumber /cm™
1061 1378 1497 1650

CZA111¢]

CZA442¢]

CZA992¢]

Reflectance / %

Wavenumber /cm”’

CTA111

ance / %

the values for Ca and O atom distributions into the oxide

Wavenumber /cm™

and carbonate phases. A point to stress is the fact t.hatFigure 2. DRIFTS spectra of the Ge,,MxCa,0z (M = Zr, Th) samples:
carbonate phases may play a role on the properties examine@A) CZAm, (B) CZAc, and (C) CTAm series of samples. The notation used

(39) (a) Segall, M. D.; Pickard, C. J.; Shah, R.; Payne, MPfys. Re.
B 1996 54, 16317. (b) Sachez-Portal, D.; Artacho, E.; Soler, J. M.
J. Phys: Condens. Matter996 8, 3859.

(40) Wiberg, K. B.; Rablen, P. Rl. Comput. Chen1993 14, 1504 and
references therein.

(41) Fukuda, Y.; Tanabe, KBull. Chem. Soc. JprL973 46, 1616.

(42) Mikkelsen, A.; Engelsen, S. B.; Hansen, H. C. B.; Larsen, O.; Skibsted,
L. H. J. Cryst. Growth1997, 177, 125.

to label the mixed-metal oxides is explained in section II.1

in this work. As can be seen in Table 1, the Ca atomic

distribution gives large values for the Ca present in the

carbonate phase for all samples in the CZAm/CTAm series,

while the O atom distribution indicates its major presence

on oxide phases. Such data should be considered when
interpreting absorption techniques (section 111.3).
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Table 1. Thermogravimetic Analysis of Ce-M —Ca Samples A
weighg (Ce+ Mm)/Ceb Ca carl® O carb®
(%) content (atom %) (atom %) CZAlll
CZA992 2.6 0.93:0.07 57 6
CZA442 4.5 0.85:0.15 42 10
CZA111 8.7 0.74:0.26 43 17
CZA992c 14 0.92:0.08 18 2
CZA442c 1.8 0.82:0.18 12 2
CZAlllc 3.6 0.70:0.30 13 6
CTA992 3.8 0.96:0.04 63 9
CTA442 6.1 0.88:0.12 46 12
CTA111 6.6 0.73:0.27 27 14 (@) R
o N
agxpressed as CaGO® (Ce + M); Ca content of the oxide phase — \
expressed as (Ce,MJaO.. ¢ Ca, O percentage present in the carbonate %— 400 0 A\
phase. D 200 i
o ob = o
[1l.2. Structural Properties of Ternary Ce —M—Ca “e 1B 20 22 24 26 28
Solid Solutions.Figure 3 shows TR-XRD results obtained 20

after heating the samples with a Ce/M/Ca atomic ratio of B
1:1:1 in the three series studied. An analysis of the data at
25 °C (initial spectrum) points to the existence of nanosize
diffracting entities which give rise to fluorite-type patterns
indexed in theFm3m space group for all cases. Table 2
summarizes the lattice constants and O occupancy factors
for samples of the CZAm series from a Rietveld refinement
of our XRD data taken at the X17B1 beam like= 0.1655

A). Table 2 also includes an estimation of the average particle
size and strain from the width of the diffraction line%.In Q
previous studies we have found that this approach yields —
particles sizes that agree with those determined by transmis- ¢
sion electron microscopi!® The width of the diffraction
lines effectively shows the nanosize nature of our samples.
XRD data, on the other hand, give evidence of the somewhat
larger patrticle size that can be obtained by using the citrate
method: about 4.5 versus 3.0 nm for all samples of the CZAc
versus CZAm series. This difference in primary particle size
is roughly consistent with the BET area difference displayed
by the samples calcined at 600: 20—37 versus 3456 m

g~ for the CZAc versus CZAm samples. The BET areas
calculated from the XRD-derived particle siZ&ér = 6 x

p ! x size'l; p = 4 g cnr?®) are, however, one order of
magnitude bigger that those experimentally obtained, indicat-
ing the significant interwoven occurring among particles after %)
calcination at 600°C. This result will be explained by == ©
analyzing the thermal behavior of the materials (see section
[11.4).

Although single-phase XRD patterns are observed for all
samples, it must be noted that the relatively large width of
the peaks, inherent to the nanosize nature of the materialsfigure 3. TR-XRD results obtained after heating of (A) CZA111, (B)
disallows extracting definitive conclusions to whether a small CZAlllc, and (C) CTA111 samples from 25 to 9Z5 Heating rate= 6
amount of segregated phases could be present. The presencg/™Min. andi = 0.922 A
of carbonate phases in our materials would support this claim.the Ce-Zr materials drives to small distortions of tlee
However, the presence of additional phases in the calcinedparameter for both preparation methods. The structural
materials can be discarded on the basis of the TR-XRD distortions from the fluorite-type structure can be analyzed
experiments up to 92%C (see below). Additionally, the small by using RS»56.7.11.232843The CZA(m/c) RS spectra dis-
size of these systems limits the accuracy of XRD-based played in Figure 4A recall the corresponding one for the
structural analysis, and tleeparameters listed in Table 2in  Ce/Zr (1:1) binary solid solutiof2324 No significant
some cases could represent an average value for pseudocubitifferences appear for the CZA materials although the citrate
phases with slight tetragonal or related distortions. The DF series seem better crystallized as judged by the better
calculations for bulk CZA111 predict an average unit cell definition of the peaks (results not shown). Together with
that is pseudocubic with a small tetragonal-like distortion the F,¢-mode ceria-related peak at 46875 cnt?, Figure 4
(a=5.27 A,b=5.26 A, andc = 5.30 A). Ca addition to  shows the presence of additional peaks at about-620

CZAlllc
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Table 2. XRD Results for Ternary CZAm Solid Solutions and Table 3. XRD Results for Ternary CTAm Solid Solutions and
Reference Materials Reference Materials
lattice constant, (@] particle sizé lattice constant, O particle sizé
sample a(A) occupanche (nm) strairf sample a(A) occupancy (nm) straird
Ce® 5.40 1.00 6.7 0.92 CeQ 5.40 1.00 6.7 0.92
Ccz11 5.28 0.99 5.0 1.75 CT11 5.34 0.88 55 1.36
CZA99Z 5.27 1.05 (1.02) 3.2 2.15 CTA992 5.33 0.86 4.0 1.68
CZA44Z 5.26 0.92 (0.89) 3.0 241 CTA442 5.31 0.83 5.3 2.05
CZA11xr 5.26 0.83(0.78) 3.0 2.50 CTAl11 5.29 0.72 6.0 2.26
CA21 5.40 0.83 4.0 2.18 CA21 5.40 0.83 4.0 2.18
aThe estimated standard deviations #@01 A for the lattice constants, aThe estimated standard deviations @01 A for the lattice constant,
+0.2 nm for the particle size, and0.01 for the strain? Without O +0.2 nm for the particle size, and0.01 for the strain? Without O

vacancies, the value should be close to one. The derived sigma from least-vacancies, the value should be close to one. The derived sigma from least-
squares analysis #50.01. Uncertainty arising from limitations in the model  squares analysis #50.01. Uncertainty arising from limitations in the model

are of the order 0f-0.05.¢ The first value corresponds to cation occupancies are of the order oft0.05.

derived from actual Ca content (see Table 1), while values in parentheses
correspond to cation occupancies for formal stoichiometry, assuming the

A 263

exclusive formation of an oxide phase. 540 _'\-\
L]
i - Ce(1.9Ca0,

5.35

Cell /A

5-30+ CTA

4 A " CZAc

m CZAm

T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.£
: : : : : Ca atomic content (x)
200 300 400 500 690 700 800 Figure 5. Lattice constants determined by XRD at 5 for nanoparticles
Wavenumber /cm of Cei—«Ca0; and Cg—x—yM<Ca0, (M = Zr, Th). The notation used to
label the mixed-metal oxides is explained in section I1.1.

5.25

Raman Intensity / a.u.

larger cell volume shrinking detected with the simultaneous
presence of Zr and Ca with respect to Th and Ca. Again,
the tetragonal-like distortion is consistent with the trends seen
in Figure 4 for the RS spectra of the CTA samples. In the
CTA series, differences with the binary €&b reference
(known to be distorted from the ideal fluorite structdte)
are mostly restricted to the energy position and intensity of
the 620 cm* peak. As explained below, a major effect of
Tb can be invoked to justify this phenomenon if the nature
200 300 400 500 600 700 800 of this mode is somewhat localizétlput its invariance in
Wavenumber / cm’ the CTA ternary series may in fact indicate the existence of
Figure 4. RS spectra taken at 300 K for a series of,Ge,M,Ca0; a compensation-like effect between structural effects induced
(M = Zr, Tb) nanoparticles: (A) CZAm and (B) CTAm series. by the lattice shrinking (see Table 3 and Figure 5) and a
dominant influence of oxygen vacancisyhich may justify

and 280-300 cm*, and a shoulder around 550 chfor  the net red shift with respect to the binary-€Eb reference
the CZA(m/c) series. The mentioned bands are indicative (Figyre 4).

of the existence of the so-called tetragonal phase in all
the materials studied while the 550 thshoulder is
indicative for the presence of oxygen vacané&ies?*43This
t'" phase is a pseudocubic phase withaémcell parameter
ratio of 1. The RS result is, thus, in rough agreement with
our DF calculations, which, as mentioned above, were able
to confirm the tetragonal-like nature of the cell distortion.
Table 3 lists structural parameters for the CTA mixed-

Raman Intensity / a.u.

Figure 5 illustrates the cell paramete) pehavior as a
function of the Ca atomic content of the ternary materials
and the corresponding binary €€a solid solution refer-
ences? A difference in the CZA series as a function of the
preparation method is clearly visible, indicating, as discussed
later, variations in the local order which influence the
structural parameters measured by XRD as well as the Raman
shape. The behavior of the ceria cell parameter in the

)ngl do>;|d<;.\skdetertr?r|]ne>c(i I;oBrTl] tt?e R'(T.trvvzld gezgggnzm IOf the presence of doped cations has been recently reviewed by
ata taken atthe eam line< 0. ). In Mogenserf4 as mentioned, for a simple solid solution the

Table 3, the addition of Thb and Ca to ceria induces a decrease
in the cell parameter. The DF calculations for bulk CTA111,

. . . . . (43) Mcbridge, J. R.; Hass, K. C.; Pointdexter, B. D.; Weber, W.JH.
which showed a minor tetragonal-like distorticen€ 5.29 Appl. Phys.1994 76, 2435

A, b =5.30 A, andc = 5.33 A), correctly predicted the  (44) Mogensen, M. Chapter 15 in ref 3.
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lattice parameter follows Vegard's rule. Several empirical 261 CZATm

relationships have been published between the Vegard's slope 24 CZA442 4

and the ionic radius and formal oxidation state of the dopant ,,]CZA992 CA21 -
ions** For divalent cations, the slope of the Vegard's rule “1m o CTA111
becomes close to zero when the atomic radius of the element 5 2.0 u

is between 1.04 and 1.11 A, depending on the theory used & ] CZ11 C’D\82 CTA442

to estimate it. C& (0.99 A) shows a rather close radius and, & 1 = -

as has been shown previously, typically displays small & " CTA992

Vegard's slope values for GeCa binary solution8?27:28:44 1.4 O

This “ideal” case seems to roughly hold also for Ca addition 121 CA91 (114

to binary Ce-Zr solid solutions but not for CeTb. The 1 CeOy o

simultaneous presence of Tb and Ca in a Ce-based ternary 107 o

Ce—-Tb—Ca solid solution drives to a nonideal behavior g dfrnrponov——-—4—"+—-v-—-+—r——
which is likely related to differences, among our ternary-Ce 100 095 060 08 080 075
Tb—Ca samples, in the relative amount of*Grersus G* O occupancy

cations (where C here means Ce/Tb) and the correspondingFigure 6. Strain versus O occupancy factors for materials of the CZAm

intrinsic oxygen vacancies1:15.16.27.284347s mentioned, a and CTAr_n series (full symbols) 'and referencg (op_en sym_bols)_ systems.
. . . The notation used to label the mixed-metal oxides is explained in section
correlation has been established between the lattice parameteqy 1.

and the ionic size of doped cations present in the fluorite-
type structure, which leads to lattice expansion upon
substitution of @" cations (corresponding ionic radii are
0.97/0.88 A for C&"/Tb*") by C3* cations (1.14/1.04 A for
Ce*t/Th®).434 Note that differences in particle size may
also contribute to the lattice parameter change or variation,
but these are not expected to drive to significant distortion
until very small size, below 2 nf!>6 So, excluding this
Icazlst poTt, the slope behawqr d_ep|cted in F_|gure 5 fpr the analysis of the XRD data (Tables 2 and 3).
e—Th—Ca materials would indicate a growing quantity of T vsis of th distributi b
C** cations as the Ca content increases in the series. If these € analysis of Ih€ oxygen vacancy distribution can be

i 15,16,43 —
C*" cations are assumed to be‘Tispecies, considering that CCc;rlglrit eIdesb yaulzlsnsgoi?:l.tensitmi;hge(t::(?teedo ;;hfheC-gZ; content
a fluorite lattice expansion of 3.7% 102 A per atomic p'es, y

fraction of TIP™ would be expectetf under the assumption grows (Figure 4), which is more marked for samples prepared

of the Vegard's rule, 77% is expected for the-Cib (1:1) by using the mic_roemulsion than the citrate preparation
reference. These Thfractions are about 49, 97, and 100% ”_‘e”_“?d- As this is _not re_Iated_ to a color change_ or to
for the CTA992, CTA442, and CTA111 samples. As will S|gn|f!cant changes in particle size (sge Table 2), either an
be shown by the XANES analysis, the assumption that Th orde_rlng effect in the OXygen vacancies so as to p.rod_uce
is the cation changing the oxidation state through the CTAm confinement of phonons within a nonhomogeneous distribu-

series is essentially correct, but the*Tlraction estimation :Ir?en o(j der??Ssl;{:géog:;ﬁrga;n%:trcu;tgc:iltedr:tstorrg\?vgs 'I?r]:e
following the Vegard'’s rule is not correct, although the trend Y9 9 '

as the Ca content rises is qualitatively correct. In any case,?jfirpenr:gg{;f tlrlri %gﬂgeaﬁ)sesk xg:;ei%etcgéoe?:aeg the

the structural results suggest a larger stabilization of tHe C (Figure P 9

(Tb*") oxidation state as the Ca content increases in the Vacancy _d|str|b_ut|on on t_he Rarr_]an_observables. AIFhOUQh
CTAm series. Our DE calculations for bulk CTA111 show the polydispersity of the size distribution may have an impact

) T on Raman shape and intensit{?;164the significant growth
substantial variations in the structural parameters of the metal . ; )
. . o ) of the asymmetry and loss of intensity displayed on the
cations with respect to the coordination expected in a perfect CZA111 RS spectrum with respect to the remaining samoles
fluorite-type crystal. The existence of multiple €8, Th— P P 9 P

O, and Ca-0 bond distances is not consistent with the ideal Zfr;gct;'?sagkcifzr E;Zrzgctién (f:zc'[cgr?tlgﬁieotfhtiteanmZ{gﬁgg gis
structure assumed in the Vegard’s approximation. gp

0 . R .
Starting with the unit cell shown in Figure 1, we calculated :Eﬁ;ﬁcig iﬁigrr?si t/o'o]:rtulj s(;(mgil)?gelrsv;ilgrlzr?ga?eyathe
the AE associated with the following reactions y Y

contribution at about 550 cm (Figure 4). The influence of
Ce,0,,(solid) — Ce ,O,,(solid) + O,(gas) ) the Ca content on the vacancy distribution is further studied
PN . by analyzing the strain behavior of our materials. Figure 6
CeGZr6024(solfd) CE‘GZI‘GOZZ(SOh.d)-F Ofgas) () shows the strain behavior of our ternary-€d—Ca solid
Ce;TheO,(solid) — Ce,Th 0, (solid) + O,(gas) (3)  solutions prepared by microemulsion and reference materials.
Ce,Zr,Ca,0,,solid)— Ce,Zr,Ca,0,(solid) + Oy(gas) (4) AS the surface contribution to the strain is roughly constant
) _ (similar primary particle size) for each one of our sample
Ce,Th,Ca,0,,(solid) — Ce&Tb,Ca,0,,(solid) + Oz(gas(%) series, the nanosized mixed-metal ceria-based solid solution
strain differences among samples can be here primarily
The results of the DF calculations indicate that the energy induced by a nonhomogeneous distribution of cations, the

necessary for the removal of O decreases following the
sequence: G0y > CeZrgOy4 > CesThsO2s ~ CeyZry-
Ca0,4 > CeyTh,CayO.4. For pure ceria, reaction 1 is highly
endothermié;>28° while for the ternary oxides reaction 4,
AE = —0.38 eV per cell, and reaction BAE = —0.46 eV

per cell, are exothermic. The inclusion of Ca into—&

and Ce-Tb favors the formation of O vacancies, a theoretical
result that is in agreement with the trends inferred from the
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creation of oxygen vacancies, and/or the presence of Frenkel- Table 4. Calculated Mulliken Charges (e)

type vacancy-interstitial oxygen defeéts**Other punctual sample a(Ce) q(zr) o(Th) q(Ca) q(0)
or extended defects (like dislocations, edges, cuts) can be ceg, 1.42 —1.42
also presernitin the case of nanostructured ceria-based binary Ca0 1.65 —1.65
solid solutions, the main factor originating strain is related e el 139 a7 s
to the presence of oxygen-related vacanéisThis is CZA111 1.49 1.34 186 —156
confirmed by Figure 6 which shows the growth of the strain  CTA111 1.46 1.49 188  —161

with the decrease of the oxygen occupation parameter forof oxygen vacancies of the latter; this would indicate that

all sample and reference systems. The presence of Zr as an X ! X
. o ; S . local distortions around Zr atoms and/or cation local order
alien species into the fluorite-type lattice is responsible for

the large strain increment observed between the CZ11 andOf the Fluorite-type lattice are of major relevance to justify

: . this difference. The growing behavior of the strain with the
the CeQ references as well as the high value displayed by oxygen occupancy decrease is also observed for the CZAm
the CZA992 materials, despite its rather modest number of Y9 pancy

; 4+ i
oxygen vacancies. In the CZAm series, the strain grows series, but here the presence df €Tb™) allows the strain

T to be limited to low values with respect to the CZA(m/c)
rather smoothly as the number oxygen vacancies increases

but a nearly constant behavior is observed between CZA44232?aF::§iSéSe\i/r]eor|}égt;[:e ;;etf::cienﬁzznzggfql;rengg_rcziigﬁy?;n
and CZA111l values. Again, this may point out to the ! 9 g :

. . example, Tb, on the local order and vacancy distribution.
existence of an ordering effect on the oxygen vacancy . . :

S . . The CTAm series behavior roughly resembles the binary
distribution for materials with a Ca content around 20 atom

%, as above-mentioned on the basis of the RS. Because thisce_Ca series one (similar slopes) but with a different

behavior does not happen with the binary-@a reference ordinate zero (CT11 vs Cep taking into account this and -
i . the Raman results, it can be suggested that no specific
system, we may suspect that local structural distortions, ) . -
- . . . - ordering effect seems to be triggered at a specific Ca content
specific of the ternary solid solution, are in the origin of the . :
. : in the CTAm series.
ordering effect detected by the analysis of the RS spectra . .
. . : I11.3. Electronic Properties of Ternary Ce—M—Ca
and the strain parameter. For the CZAc series the strain grows, _,. . . : .
X . Solid Solutions. The electronic properties of the nanosize
smoothly with the Ca content of the samples and displays 8 Ce_M—Ca solid solutions were investigated by usind DF
magnitude close to the value obtained for the CZ11 reference 9 y 9

. calculations and XANES. The results of the DF calculations
(1.68/1.80/2.21 vs 1.75 for, respectively, 992/442/111 vs o
CZ11), suggesting that the local order may not be affected for bulk CZA111 and CTA111 (see Table 4) indicate that

the charges in the cations are far from the formal value of
so strongly by the Ca content of the €&r—Ca ternary . : . A
; i .___+4. Previous experimental and theoretical studies indicate
system, if prepared by the citrate method. The comparison
; - : that bulk CeQ@, Ce-Zr, Ce—Ca, and Ce Th are not fully
between the two preparation methods would indicate either. " e 811b ; i
. . ionic oxide$®!* and are best described as ionocovalent
a lower number of oxygen vacancies for the CZAc materials ;
) . Iy compounds or covalent insulat$f$. The valence bands of
and/or, more likely, a different and less sensitive to Ca

content local order for the CZAc series with respect to the the .O.X'des contain not only Q(Zp) character but also a
. .~ significant contribution from orbitals of Ce, Zr, and Tb. Table
CZAm one. A certain larger number of oxygen vacancies,

which could be present in the CZAm samples. mav be 4 compares Mulliken charges calculated for bulk G&Ca0,
N P . Pies, May D€ ~711, CT11, CzZA111, and CTAL11. In the ternary oxides,
stabilized as a result of the lower particle s¥zbjs number

should be, however, rather small if compared with that there is an important contraction of the cell parameters with

required to achieve charge neutrality in the presence &f.Ca respect to Cegxhat leads to a reduction in the €@ bond
On the other hand, the likelihood of the point concerning distances and, thus, should give an increase in the positive

. . . charge of cerium. For the Ca atoms, the positive charge in
differences in the local order homogeneity may be closely CZA111 and CTA111 is larger than on CaO. This can be
conn(_acted With the presence/a_bsencg of a germ for Cationicattributed to an increase in the number of oxyéen neighbors
ordering, as will be discussed in sect_|on 4. for the Ca cations when going from the rock salt structure

In the case of the CeTb—Ca materials, the asymmetry  of ca0 to a fluorite structure in the ternary oxides.
of Raman peaks and particularly of theyfode is less  accordingly with cation charges, the oxygen negative charge
influenced by Ca content, at least with respect to the-Ce  jncreases in the ternary oxides with respect to Ca@ also
Zr—Ca series. In this case, the vacancy distribution is \yitn respect to the CZ11 and CT11 references.
affected, as mentioned, by a growing quantity 6f Cations XANES measurements were taken at all cation edges; as
as the Ca content increases; the eaSyC" redox behavior 4 general result, our cation edges do not show significant
produces specific characteristics for the-J&—Camaterials  gifferences between the CZAm and CZAc series of samples.
as the Ca content of the material increases. Figure 6 d'Splay%oncerning the common elements to all materials, the Ce
the strain behavior for the CTA and reference materials. The Ly edge showed white line contributions at an energy

CT11 reference gives a lower strain enhancement than Cleposition and with a shape close to those of the Qe@rence
(having CeQ as a reference level) despite the lower number (Figure 7)*43A difference is, however, visible in the relative

(45) Mamontov, E.; Egami, T.; Brezny, R.; Kovanne, M.; Tyan, SJ.J. (47) (a) Fernadez-Gara@, M. Catal. Re.—Sci. Eng2002 44, 59. (b) Chen,
Phys. Chem. 200Q 104, 11110. J. G.Surf. Sci. Rep1997, 30, 1.

(46) Martnez-Arias, A.; Ferfiadez-Gar@, M.; Hungria, A. B.; Conesa, (48) Soldatov, A.; Ivanchenko, T. S.; Della Longa, S.; Kotani, A.; lwamoto,
J. C.; Munuera, GJ. Phys. Chem. B003 107, 2667. Y.; Bianconi, A.Phys. Re. B 1994 50, 5074.



Ca Doping of Ce-Zr and Ce-Th Solid Solutions Chem. Mater., Vol. 17, No. 16, 204389

Ce L3-edge P Ca K-edge

reference CeO,

CZA992

CzZA442

CZA111 CTA992

CTA442

Intensity / a.u.

Intensity / a.u.

CTA992

CTA111
CTA442

CTA111

T T - : T T
4020 4040 4060 4080 410C
Energy / eV

Figure 8. Ca K-edge XANES spectra for CaO and :CeyM,Ca0,
(M = Zr, Tb) nanoparticles taken at room temperature.
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Figure 7. Ce Ly-edge XANES spectra for CeGand Ce-x-yMxCa0O-
(M = Zr, Tb) nanoparticles taken at room temperature.

intensity of the two peaks of the white line. The first peak, ) o )

located at about 5729 eV and ascribable to a [}if"™ 15! carbonates display a significant disorder at a local level, and,
final state, loses intensity with respect to the second one,thus, their contribution to the XANES spectra would be
which corresponds to a [*]8£"5d" final state. This can be, ~ Mainly reflected in a broadening effect of the shape. This
thus, related to a small modification of the Ce(4f/5d) energy May be expected for a phase which exclusively exists at the

level relative energies by interaction with the anions, Surface of the material. On a first approximation, this
reflecting a modest change of covalency on the-Ogbond broadening seems to be the main effect qf—@grbonate

by the effect of the heterocations present in the fluorite Presence on the XANES spectra depicted in Figure 8. The
structure. This effect is, however, small and appears to peline shape for the Ca-containing ternary solid solutions shows
insensitive to the nature of the heterocation, suggesting thatdifferences with respect to pure Catifferences with CaO

it is mostly associated to changes in the local environment reflects, in the first place, the geometrical local structure of
geometry and distances and/or related to small size differ-the Ca cations into the oxide lattice. This produces the
ences. Apart from this, the Ce Ledge showed the absence €Xistence Qf a new pre-edge transition at about 4045 eV,
of significant quantities of G& which would lead to the th.e strong intensity c_hange at around 4050 eV and., together
appearance of a single contribution on the white line region With the inherent disorder nature of the materials, the
peaking at about 5725 A48 This confirms that the & practical disappearance of the RCs above 4060 eV. On the
cations described in section I11.2 are not’Ce other hand, Ca K-edge XANES spectra display strong

Figure 8 displays the Ca K-edge XANES spectra for the Similarities among all of our ternary €#—Ca solid
CZAm and CTAm series of samples. As discussed in section S0lutions, pointing to a more or less constant local order
I11.1, the signal from the samples may contain a contribution (9€ometry and distances) around this cation. Apart from that,
from Ca carbonates, which may be of importance for all density-functional theory (DFT) calculations (Table 4)
materials of the CZAm and CTAm series. In any case, Ca showed an increase of thg Ca o>_<|dat|on state when going
carbonates display distinctive features and a main continuumfrom CaO to our ternary solid solutions, as was also detected

resonance at around 4048 é¥the absence of such features for binary Ce-Ca solid solutions? Electronic and structural
indicates that our Ca K-edge XANES shapes are not (local) differences between Ca inclusion in€Zr and Ce-

significantly influenced by the presence of such phases. TP Solid solutions seem small in view of Figure 8 and the
Moreover, while the Ca distribution seems dominated by DF results (Table 4). The higher Ca oxidation state would
carbonates in some samples, in others it is dominated bydisplace the Ca K edge to higher energies with respect to
the oxides (Table 1), but all XANES shapes (Figure 8) are the CaO reference; how_ever, the _comple>_< line shape of the
similar and must include a well-defined contribution from Pre-edge and edge regions, particularly influenced by the
phases with long-range order (XRD visible), for example, aIready mentloned l?roadenlng effect, precludes t_he extraction
oxide phases. The relatively low influence of carbonates on Of & similar conclusion from an experimental point of view.

Ca K-edge XANES shape could be understood if the-Ca  The Zr K-edge XANES spectra for a bulk Zs@naterial
and the nanosized €&r—Ca solid solutions prepared by
(49) (a) Asokan, K.: Jan, J. C.: Chiou, J. W.; Pong, W. F.; Tsai, M.-H.; theé microemulsion method are displayed in Figure 9. At room
Shih, H. L.; Chen, H. Y.; Hsueh, H. C.; Chuang, C. C.; Chang, Y. K.; temperature, a monoclinic crystal structure is the thermo-

Chen, Y. Y.; Lin, I. N.J. Phys.: Condens. Matt&001, 13, 11087. . . .
(b) Levi-Kalisman, V.. Raz,yS.; Weiner, S.: Addadi, L. SagiJl. dynamically stable phase for microsize or bulk Zf@ The

Chem. Soc., Dalton Trang00Q 3977. two main features in the Zr K edge correspond to electronic
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Figure 9. Zr K-edge XANES spectra for Zrixeference and Gex—yZry-
Ca0; nanoparticles taken at room temperature.
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Figure 11. Tb Ly-edge XANES spectra for ThOreference and
Cer—x-—yTh,Ca02 nanoparticles taken at room temperature.

—
7500

local coordination is progressively departing from a mono-
clinic, 4 + 3, first oxygen shell coordination to a more
pseudocubic't one (4 + 2), characteristic of the CZ11
reference®:83151Apart from the coordination number change
on the Zr-O first shell, Figure 10 indicates a concomitant
elongation of the average Z0 bond distance with respect
to the ZrQ reference, which, however, is, at maximum, for
the CZA111 sample, midway to that corresponding to the
binary Ce-Zr solid solution reference (ca. 0.04 AWhen

Zr replaces Ce in the fluorite-type Ce€liructure, the average
Zr—0 bond length becomes larger than that in the ZrO
reference and Ce loses charge derfskgr the ternary Ce
Zr—Ca solid solutions the presence of Ca moderates Zr-
induced structural and electronic local changes around Zr
cations. This is a proof of the existence of’Ca 0> <
Zr*t interactions, which in this case, are of moderate
magnitude.

Figure 11 illustrates the Tb l-edge XANES results
obtained for ternary CeTb—Ca solid solutions. Comparison
with the TbQ reference (probably T-,%? stoichiometric
ThO, is very difficult to be prepared indicates important
differences in the white line region. As for Ce, Th in the 4
higher oxidation state shows two peaks in this region and
the presence of a single peak at the low energy region of
the white line if TB* is present!1347.4853n the case of Th
oxides, the high to low energy peak intensity ratio increases
as the TB" content doe&!'352This ratio, also included in
Figure 10, grows in our ternary €db—Ca samples with
the Ca content, indicating the increasing presence 4éf Tb

In oxides, the relative intensity of these two peaks strongly concomitantly to the increase of the Ca content of the
depends on the chemical environment properties (local material. It, thus, clearly showed that the presence of the

symmetry, charge, and distances) around the Zr cafitis.

voluminous Ca cation and the corresponding'@a0?~ <

Figure 10 displays the relative intensity (measured by the T+ jnteraction drives the Tb to the higher oxidation state,
height) of these two peaks in the CZA samples and the binary 35 was anticipated by the structural characterization. The

Ce—Zr (1:1) reference. This picture gives evidence that Zr

(50) Thromat, N.; Noguera, C.; Gautier, M.; Jollet, F.; Duraud, PI®s.
Rev. B, 1991, 44, 7904.

(51) Nagai, Y.; Yamamoto, T.; Tanaka, T.; Yoshida, S.; Nonaka, T.;
Okamoto, T.; Suda, A.; Sugiura, MCatal. Today2002 74, 225.
(52) Karnatak, R. CJ. Alloys Compd1993 192 64.
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quantity of TB* is, however, reasonably larger when L =y "
compared with those estimated from the XRD data, going —v— CZA442¢
from about 40 to about 20% as the Ca content grows in the 100 —®— CzZA442m

CTAm series. As can be extracted from the CR intensity
ratio displayed in Figure 10, these figures are typically larger
than the corresponding €db (1:1) reference systef,
suggesting that Ca is able to stabilize*Tbat least for
samples having a Ca content above 10%. The dominant
presence of T is also evident in the DF calculations. After
removing oxygen from bulk CTA111, the DF results show
an insignificant reduction in the positive charge of the Tb

Size / A

cations. This is in clear contrast to the case of CT11 or 0 200 400 600 800
CZT111, where the electrons left behind by the removal of Temperature / °C

oxygen occupy Th(4f,5d) band$in this respect, the effects 251 —e—CTAd4Z
of the metak> oxygen<> metal interactions in the CTA111 \-7'-\ IRy
system are opposite to those seen previously for CZP411. 204 7 .

In the case of CZT111, Zr <= O <Tb"™ interactions A A A N S A

1.5 N,

facilitate the generation of Ph.24 This and previous DF
studies allow this to be associated with a short-range

Strain / a.u.

geometrical effect; it appears that Zr presence favors the 1.0 ha—
preferential location of oxygen vacancies as first neighbors ; '\

of Th ions with respect to the Ca cadé#On the other hand, 0.5 .

the presence of different Th oxidation states as a function

of the co-cation present into the fluorite-type structure may 0.0 N

give an explanation to the increase of the net negative charge 0 200 400 600 800

of oxygen atoms in the CTA111 systems with respect to Temperature / °C

CZA111 and CT11 (Table 4). Figure 12. Effect of temperature on the particle size (top panel) and lattice

[1.4. Sintering of Ce; «-yM;Ca,0, Nanoparticles.Fig- ﬁgﬁ;ﬂg‘?ﬂf‘z ‘?Qf,ll"é;“;ﬁﬁ;;n“ﬁgﬁf"pz (M = 2r, Tb) nanoparticles

ure 3 presents the TR-XRD data results for the three samples

having a Ce/M/Ca atomic ratio of 1:1:1 while heating in dry - gpsence of concomitant, abrupt changes in the fluorite-type
air from 25 to 925°C. These samples display the exclusive peak positions, could be ascribed to a Ca-containing phase.
presence of fluorite-type diffracting entities at 26, but  However, the known Ca oxide or carbonate phases would
when the temperature is increased above 780 new yield diffraction patterns not matching the present. The
diffraction peaks are typically detected in these three ;amples. ossibility of a temperature-induced ordering effect of the
These peaks are not observed for the samples having 9:9:4anonic) defect distribution can be also mentioned, but as it
and 4:4:2 Ce/M/Ca atomic ratios, indicating the stability of 5ccurred with the CZAmM materials, there is no matching with
materials having Ca contents below about 20 atom % throughy,own CegO, XRD profiles. Despite the absence of a clear
the whole temperature ramp. The CMA111l (M Z, T) assignment, it is evident that the presence of Zr increases
samples should suffer some chemical/physical changes agne Ca solubility limit into the Fluorite structure with respect
high temperature. However, they seem of different nature 14 the Ce-Ca solid solutiong® Fine details of the process

in the three samples displayed in Figure 3. For the CZA111 seems to be dependent on the preparation method, but both
sample, the four peaks detected haw@ @ositions which — the microemulsion and the citrate methods improve the
could be associated with the presence of cationic order inpenavior of the parent binary G&€a solid solution. The

the fluorite-type structure, in a similar way to that detected cTA111 XRD result does show, on the other hand, the
for the kappaphase of the CZ11 sampiéThe short- to  yresence of Ca®at high temperature, possibly indicating
medium-range anionic ordering effect detected by RS andhe extraction of a small fraction of Ca from the ternary solid
strain measurements on the calcined material may be likely 5o1ution. Nevertheless and according to the TG-MS results,

linked with this high-temperature effect although the new e ca source could be the carbonate phase instead of the
XRD peaks cannot correlate with any expected from Ce- gyide one.

containing binary/ternary mixture defect ordered phases
(Ce011, Ce01, Ce0s and related phases). The peak
appearing at about 22.Tould be alternatively associated
with CaO% The TP-XRD result for CZA111 means that
presence of Ca favors cationic ordering with respect to the
binary CZ11 reference®4553For the CZA111c material, we
detected small peaks which, due to their sharpness and th

Analysis of the TR-XRD data is presented in Figures 12
and 13. Figure 12 displays the particle size of the samples
with a Ce/M/Ca atomic ratio of 4:4:2 as a function of the
temperature. These results are representative of the three
sample series behaviors, although the samples having 1:1:1
atomic ratios suffer from specific chemical/physical phe-
$iomena above 750C, as already described. Particle size

does not vary significantly from the binary €& parent
(53) '227“0 M Omata, T.; Otsuka-Yao-Matsuo, 5.Alloys Compd1998 sample&!! and remains constant up to temperatures around
(54) Huang, QPhysica C1994 227, 1. 600°C. The ternary solid solutions start to agglomerate once
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5.45 Table 5. Values of the Thermal Expansion Coefficient (A K1)
—e—CTA442 , ,
—v— CZA442¢ thermal expansion thermal expansion
—m— CZA442m " sample  coefficient (x 10P) sample  coefficient (x 10°)
540+ g CeQ 6.34 CTA992 10.14
ot CZA992 6.22 CTA442 9.84
= . CZA442 6.10 CTA111 7.47
8 5.351 / CzA111 5.62
‘/./ // not appear as a differential factor between CZAm and CZAc
5.30 v/,/v/ / series at high temperature (Figure 12, top), the strain behavior
—v—v - would be certainly related to differential local structural
. o properties in turn related to the vacancy distribution, as
5.25 T T T T 1 imi H H
0 200 400 600 00 alrelady.dlscussed. In fact, Clmlno et al. indicate that
Temperature /°C minimizing M;—O—M, heterocation bonds could be an
Figure 13. Cell dimension as a function of temperature for the gffecnve mechanism to release strain in oxide solid solu-
Ce-x—yMxCa0z (M = Zr, Th) nanoparticles having a 4:4:2 €81—Ca tions55
atomic ratio. At room temperature the cell parameters of al-G&—

Ca samples were displayed in Figure 5. As is well-known,

tﬂe temperature is _abovr(]a. 60Q, aIthoul_gr; alll samples dOf inclusion of Zr and Th decreases the cell parameter following
the CZAc series initiate this process a little late, around 700 Vegard's rule, although the ThTb* ratio influences the

°C. 'Thits difference is likely an effect pf the different SlopeS68114344The addition of Ca to the CZ11 and CT11
calcination temperature. The agglomeration rate meas“rEdsampIes varies the cell parameter as was described in section

from the slope of results displayed in_ Figure 12 appears 10, 5 “The thermal evolution of the cell parameter while
be more or less constant for each series (CZAm, CZAc, and heating in dry air from 25 to 925C is displayed in Figure

CTAm) but increases in the order CZA CTA < CeQ. 13 for samples having a €GM—Ca ratio of 4:4:2. The

As rT.].entioned., Zr and Tb, lons improve the morphological CMA442 samples exemplify the behavior of all samples on
stability of ceria nanoparticles, but Ca does H#bt?8In the the corresponding CZA(mic) and CTAm series. Two dif-

éase of ternary solid sorlluuons(,j trr‘]e cor‘rl1b|nat|oq of Zr a,gdc{erent regions with a linear behavior are typically detected
a seems to maintain the good thermal properties ascribeqy, g cgl| parameter variation as a function of the temper-

to the Zr presence but with the potential improvement of ature®112¢2844These regions are separated by a breaking
the oxygen handling properties derived from the presence point between them, less defined for the CZAc series, at
of Ca* this happens in the whole range of compositions 600-700°C. The ini'éial region has a smaller slope and,is
§tudied her_e as the solubility Iimifc seems significantly 4o pinateq by the thermal expansion of the cell. An estima-
improved with respect to the G&a binary referenéé for tion of the thermal expansion coefficient is given in Table 5

?*Z?‘Ca mgterials prepared by both methods. In fact, the 54 \yaq measured during the cooling part of the ramp. The
final size obtained for all CZAm/c samples after the thermal coefficient for nanostructured Ce@6.34 x 1075 A K1) is

treatment is below 7.5 nm, a figure rather close to or even
smaller than that corresponding to the binary-Ce (1:1)
referencé. The combination of Th and Ca again maintains
a similar thermal behavior to that displayed by the binary
Ce-Thb reference, yielding final sizes above 10 Kmalues
a little bigger than those corresponding to the—Da
combination.

At the bottom of Figure 12 one can see the presence of

consistent with previous work summarized in the review of
Trovarelli®® Larger radius and lower charge than*Cef
cations present in the fluorite-type structure must increase
the thermal expansion coefficient value and vice vétda.

our ternary solid solutions the combination ofZ(smaller
radius) and C& (larger radius; lower charge) produces
smooth changes, although the trend observed as the Ca
content grows in the CZA series is opposite to that expected

hlghl_levzl§ of sérlam n Olér materials. g.he start(;n_g valut_as on the exclusive basis of the Ca cation presence (see Table
are listed in Tables 2 and 3. As was discussed in sectiong, 1his qemonstrates that €a— 0> < Zr** interactions

III.23 mboEr materzlals tﬂe main structural _factc;r dom||nat|.ng are playing a role on the thermal behavior of the CZA
strain behavior through our €M —Ca series of samples is samples. TH™ presence has the effect of increasing the

related to the presence of oxygen vacancies. Figure 12y, .55 expansion coefficient vald®?*but in the presence

indicates that when the system starts to agglomerate there IS¢ Ca the effect is strongly enhanced (see Table 5). Again,
a concomitant release of strain. This is a typical behavior of the effect of increasing Ca content on the CTA series

%ehavior is opposite to the trend expected, but here tie Tb
— Th*" “oxidation reaction” occurring in a parallel way to
the Ca content growth is having a significant impact. After
the region dominated by the thermal expansion of the cell,
. o . i ) a second region of linear behavior is detected; the onset
teresting point is that the strain of the sintered materials, aﬁertemperature is unequivocally associated with the starting

the thermal treatment, in the €E&r—Ca system seems to - : ;
' oint of the agglomeration process (compare Figures 12 and
depend on the preparation method; independently of the Cap 99 P ( P g

content of the sample, a larger strain remains in the citrate (55) Cimino, A.: Stone, F. SAdy. Catal. 2002 47, 141.
samples compared with the microemulsion one. As size does(56) Trovarelli, A. Chapter 2 in ref 3.

of the surface contribution to the strain as size increases.

Additionally, Ce-based nanomaterials stabilize oxygen va-
cancies, which in turn are lost with the growth of size

occurring during the thermal treatméi,1516.2428An in-
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13) and, thus, describes a modification of the cell parameterof Th*" appears as a natural way to reduce the strain (and
as the particle size grows:!1232444As mentioned above, energy) of the fluorite lattice of the samples and could be
the starting point on the CeZr—Ca materials depends on related to the progressive disfavor of the presence of anion
the preparation method, but rather close values are obtainedracancies as first neighbors of Th cations. This Tb oxidation
by the end of the experiment. On the other hand, similar process seems to minimally perturb the co-cations Ce and
slopes are detected for the CZAm and CTAm series, Ca electronic states. Structural and electronic properties of
indicating again the strong stability effect of Zr and Tb on the Ce-Th—Ca materials are, thus, dominated byM~

the primary size of the materials. 0?2 < Th™ (M = C&", Cé) interactions which are not
present in the corresponding parent binary—Ce solid
IV. Summary and Conclusions solutions.

The structural and electronic properties of the solids
determine their thermal behavior. In the case of Ze—Ca
materials, it is shown that both preparation methods allow
increasing the solubility limit of Ca into the fluorite-type
structure with respect to the parent-8ea solid solution.
The microemulsion method, however, seems to favor the
development of some kind of an ordering effect (intimately
related with both cation and vacancy distributions) at high
temperature with respect to the citrate method and also to
the binary Ce-Zr reference systems, yielding solid solutions
essentially stable below 92%. At the end of the thermal

Synchrotron-based TR-XRD, XANES, RS, and IR spec-
troscopies and first-principles DF calculations were used to
study the structural and electronic properties of-Gk-Ca
(M = Zr, Ca) oxide nanoparticles. All materials have a
fluorite-type structure with the presence of oxygen vacancies
to achieve charge neutrality.

Ce—Zr—Ca materials display the Fluorite-type structure
with a tetragonal-like distortion and a cell parameter fairly
independent of the Ca content. The local order of the ternary
solid solution is, however, dependent on the Ca content;

particularly, Zr ions vary their local coordination, losing . . .
oxygen neighbors and having growing-2D distances with treatment, both prepa_rauon procedurgg only d|ﬁ§r n S!JCh a
structural (e.g., ordering) property, giving materials with a

the Ca content of the material. The preparation method seems.. " . i : o
to influence the orimary particle size. smaller with the similar, small primary particle size and similar cell param-
. : b yp L : eters. In the case of G&b—Ca materials, a small CaO

microemulsion method, and, more importantly, the cation/ . . I
o ; segregation would occur but high thermal stability of the
oxygen vacancy distribution(s), with the appearance of an rimary particle size is also observed with respect to the
ordering effect affecting the vacancy distribution (for Ca P y D b
content near or above 20 atom %) in the case of the parent binary CeTb reference system. The ternary €e
. . : : M—Ca solid solutions seem, thus, good candidates for the
microemulsion preparation procedure £Z&—Ca electronic

. . . . potential uses described in the introduction section, as they
properties vary rather smoothly with Ca content, with main maintain the thermal stability of G&Zr and Ce-Tb svstems
differences concerning the Zr(4d) splitting induced by the y y

variation of its local symmetry. Ca addition to a CZ11 but increase the solub|I|ty_I|m|t of Ca into the fluorlte—typ_e
. : . _structure, with the potential enhancement of the chemical
reference seems to yield structural and electronic properties o . . )

. reactivity associated with the presence of oxygen vacancies.
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