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ABSTRACT: Cerium-based complex oxides are essential P § S

materials well suited for numerous applications related to het- N Ji

erogeneous catalysis and electrocatalysis. However, the im- ¢ | m&i} : m

pact of structural defects on the thermal stability of the surface .. loz/v,, - La* defects S eRe——
has still to be elucidated. Probing lanthanum environments by | probed by Raman @.@s\ii&j;,,e e cubisie
1% a-NMR and analyzing for the first time in parallel the as- W e o ST o

sociated defects by Raman spectroscopy allow for a better
view of the structural defects at the surface and in the bulk for
samples annealed at T=600°C and T=1200°C, respectively.
Moreover, we propose another indexing of the Raman spectra
of cerium-based compounds with fluorite structure by consid-
ering two tetrahedral environments around the cationic de-
fects. We evidence the existence of an unusual isolated La
pseudo-cubic site, in a series of cerium, zirconium and lantha-
num-based oxides. It is found to be stabilized at the subsurface

farther from surface’s Zr atoms and oxygen vacancies. La%* T Raeweanm

ions in the bulk are preferentially associated to bulk Zr** cations as in La,Zr,0- ternary compound. When this peculiar La* environ-
ment surrounding exclusively by Ce** cubic sites is thermally stable, the specific surface area remains interesting for catalytic appli-
cation at high temperature. However, enhancing the La and Zr contents tends to increase the association of La®" and Zr** ions in
clusters and induce a loss of surface area.

T = 600°C

v
La™ distorted site
near Vo,

CepgZro1,Lap,0501.96

Ten = 1200°C
Two La** sites
probed by **°La NMR




INTRODUCTION

Cerium-based oxides have been widely described in the litera-
ture'* and used as automotive exhaust catalysts>~7 and electro-
lytes in solid oxide fuel cells®. In these applications, the reduci-
cibility of Ce** at low temperatures, creating oxygen vacancies
into ceria CeO2., further noted V,2-, is a key feature®°. The

oxygen storage capacity (OSC) and the oxygen mobility are
strongly connected to specific local environments of cerium,
zirconium and oxygen in the fluorite-type network. In ceria-zir-
conia solid solution, the equimolar composition CegsZros0, ex-
hibits the best oxygen mobility and OSC™!. The presence of zir-
conia increases the reducibility at low temperature by modify-
ing the Ce** local environment and increases the ionicity of the
Ce*"-O% chemical bonding. On the basis of inductive effect, co-
valent Zr**-0% bond contributes to generate more ionic Ce**-
0% bond and consequently more Ce®" sites under reducing at-
mosphere®2%3, The La/Y codoping into ceria improves the
ionic conductivity at high temperatures’*'® by introducing
V,2-. The trivalent rare earths (La, Y) used in Three Way Cata-

lysts are often necessary to improve thermal stability by keep-
ing sufficient surface area at high temperatures and by promot-
ing ceria support and noble metal interactions**"°, With re-
spect to the catalytic activity, the synergy between rare earths
and oxygen atoms in these highly complex systems remains un-
clear. In order to shed light on these peculiar effects, the key
role of structural features associating local and extended defects
must be clearly analyzed by choosing target compositions.

On a structural point of view, oxygen atoms tetrahedrally coor-
dinated to rare earths in cubic symmetry are inter-connected in
two sub-networks”?, The redox capacity of Ce** is strongly re-
lated to the ionic character of the Ce**-O% chemical bond as
well as the polarizability of O% but also of smaller trivalent rare
earths in the vicinity of Ce** ions'®. Moreover, V,2- surrounding

trivalent rare earth, tetravalent zirconium or cerium increases
the cation polarizability. Based on the fcc lattice of ceria net-
work, various kind of defects can be indeed created and identi-
fied but the smallest defect in size is associated te oxygen in the
Tq site. Raman spectroscopy is a powerful tool to explore oxy-
gen vibration mode and hence its associated defects. In the
fluorite network of no-defect ceria (space group: Fm-3m, Ox®),
there are two triply degenerated optical modes at the T" point of
the Brillouin zone (k=0), one infrared (IR) active F1, mode and
one Raman active mode Fp5. The LO and the TO modes of the
polar IR active mode Fy, are respectively at 270 cm™ and 595
cmt 2, The Fpq mode at 465 cm is the symmetric breathing
mode of the cubic anionic cage involving only motion of the O
atoms??, so that its frequency is nearly independent of the mass
of the cation located at the center of the body-centered cubic
(bcc) structure (with cell origin at (*2, 0, 0)). The central cation
is on an Oy (centrosymmetric) site where the O atoms are lo-
cated at each corner (T4 apolar site) of that cubic elementary
structural unit (ESU). There are numerous results in the litera-
ture related to Raman peak attribution in ceria-related com-
pounds, associated to On/Tq oxygen local defects in the fluorite

structure?®2, The Raman band intensity, frequency and line
shape are often correlated to the catalytic activity and reducibil-
ity?®34_ In this paper, we will focus on that cubic ESU, neces-
sary to analyze the complex defect-induced Raman spectra and
to reveal the nature and quantity of such defects into the fluorite
network.

In order to identify where V2 are preferentially coordinated in

La/Y co-doped ceria-zirconia, 8Y and **%La NMR spectrosco-
pies are powerful local probes. Maekawa et al.*, on the basis
of the Y NMR investigation, in the (CexZr1-x02)os(YO15)o.2 Se-
ries annealed at 1500°C under air, shows that for Zr-rich phases,
V,2- are located in the vicinity of Zr/Ce atoms. However, for

Ce-rich compositions, V,z- appear around Y?* ions, confirming

that they can have various locations depending on the chemical
composition. Moreover, the bulk ionic conductivity which orig-
inates from hopping phenomena involving oxygen atoms and
vacancies, strongly depends on Zr content with a minimum of
conductivity at x= 0.5 when V,2- are equally distributed be-

tween (Ce/Zr) and Y atoms. Furthermore, the bulk ionic con-
ductivity of trivalent rare-earth (RE) doped-ceria is maximum
for 5% mol of La®* and 10% mol of Gd®*%¢. EXAFS investiga-
tion of Y**/Gd®*/La® (10%, 20% and 30%) substituted-ceria an-
nealed at 1600°C, showed that La® and Y** cations form clus-
ters stabilized with V,2- whereas Gd** ions remain randomly

distributed into the ceria lattice®”. However, this statement is
controversial and depends mainly on the RE content. By Pair
Distribution Function (PDF) analysis, of Ce1xGdxOzx2 cOm-
plex oxides with x >0.125, a biphasic model with CeO-Fluorite
and Gd,0s-Bixbyite or C-type appears locally between 2 A and
6 A%. Moreover, PDF analysis, of Ceq 7sLag 2501875 complex ox-
ide, revealed also a fraction of C-type phase with short-range
order®. Furthermore #Y and YO MAS-NMR analysis of Ce;.
xYxOa.x2 complex oxides with 0.05 < x <0.30, showed the oc-
currence of few Y-Y interactions for low Y content with, for
instance, calculated populations Ce,Y> around oxygens at 1%
for x = 0.05 and 5 % for x=0.10%. So, the formation of RE-RE
clusters into the ceria network is strongly dependent on the na-
ture of the RE element, its concentration and the final composi-
tion with other dopants such as Zr*. A question is opened: is
there a relationship between the random distribution of RE in
the ceria lattice or the occurrence of RE-RE interactions and
clusters, which limits the bulk ionic conductivity? Previous
studies on Ce,Sn,07-Ce,Sn,0Og pyrochlore solid solution based
on in-situ neutron diffraction and **® Sn NMR, allow for the
identification of the complex organization of metals and ox-
ygens during the redox process*. More recently, in Ce;.xFexO.-
«2 solid solutions with various morphologies, by in situ
XANES-EXAFS experiments, Mossbauer and ESR spectrosco-
pies*>*®, Fe valence states and clusters have been identified and
also play key roles in the reducibility properties. Very recently,
by exploring the complex phase diagram CeO2-ZrO,-PrOy, we
outlined the impact of Pr valence state on oxygen mobility, re-
dox and transport properties of these complex oxides*.

Various coordinations can be found for the cations: Ce*" has a
strong affinity to occupy a cubic site in pure ceria, the smaller
Zr* is typically 7-fold coordinated in ZrO, and Y** is located



in a prism and an octahedron in Y,0s3. Thus, the preferential lo-
cation of V,2- around Y** in Ce-rich phases has a tendency to

stabilize Ce** in 8-fold and Y** ions mainly in 7-fold coordina-
tion. In Yttrium-stabilized Zirconia, V,,2- are mainly located on

Zr** cations, leaving Y3* in a more or less cubic symmetry®,
However, the situation with larger La®*" ions is unclear: taking
into account that La®* exhibits the highest polarizability in the
rare earth series, should it be located in a larger site ? Further-
more, no information exists on complex oxides annealed at tem-
peratures low enough to maintain high surface area and catalytic
activity. It is then relevant to follow the thermal history of the
complex oxides.

Raman spectroscopy allows to explore variation of the electron
density, especially in the vicinity of oxygen giving valuable in-
formation on defects in the ceria lattice. **La NMR probes on
the other hand the local geometry around lanthanum such as co-
ordination number, La-O bond distance and O-La-O bond angle
variations. By combining Raman and ***La NMR spectrosco-
pies, we can then clearly evidence the interactions between ox-
ygen defects and trivalent rare-earths. For the targeted Ceix
yZryLayO,.5 compositions of the present study, a La content
around 10 at%, with or without Zr atoms, will be firstly consid-
ered in order to limit the V,2- content. This low La®*" content

mimics the 8 at% of Y found in Yttrium-stabilized Zirconia,
the best ionic conductor. Other compositions with larger
(Zr+La) loadings and a La/Zr atomic ratio always equal to 1 will
also be investigated. As a first approximation, the expected be-
havior is that the ionic volume taken by La®*, the large polariz-
able cation, will be compensated by that of Zr**, the smaller po-
larizing cation. This is observed in La;Zr,O7 pyrochlore related
to fluorite-type structure where large La®* scalenohedral [2+6]
sites are associated with the smaller Zr** ions stabilized in an
octahedral environment®. Two annealing temperatures under
air, 600°C and 1200°C will be considered. A discussion will be
engaged in order to reveal the impact of La local environment
and associated defects on the thermal stability of the surface.

EXPERIMENTAL SECTION
Sample preparation

The rare earth-based mixed oxides CeiyyZriLa,0O;
0.1<x+y<0.4 were synthesized by co-precipitation in basic me-
dium at room temperature followed by annealing under air at
different temperatures. The various precursors were nitrate so-
lutions from SOLVAY, including cerium nitrate (99.9% and
[Ce] = 2.92 mol/L), zirconium nitrate (99.9% and [Zr] = 1.60
mol/L), and lanthanum nitrate (99,9%, [La] = 2.85 mol/L). In
each case, stoichiometric amounts of salts to reach the targeted
compositions were mixed and adjusted with water to get 50 mL
of solution. The nitrate solution was added dropwise into a mix-
ture of 150 mL of diluted ammonia (M/100) and 35 mL of con-
centrated ammonia (35%) while a steady pH = 10 is maintained
during the precipitation step and the maturation under air which
lasted 4h. The solution was centrifuged 4 times successively
with a diluted ammonia solution (M/1000) and 2 times with ab-
solute ethanol. The solid was dried on a sand bath at 50°C over-
night and then annealed at 600°C or 1200°C for 12h under air.

The chemical compositions of the targeted sample were con-
firmed by Inductively Coupled Plasma analysis (Table 1-SI).

XRD analysis

Powder X-ray diffraction patterns were recorded on a PANalyt-
ical X’Pert MPD apparatus equipped with a Cu Kal/ Ka2 ra-
diation (1,=1.5406 A, 1,=1.5442 &) and an X’Celerator detec-
tor. Data were collected over a range of 10°-80° with 0.017°
steps. The lattice parameters and the crystallite sizes were de-
termined by profile matching (Le-Bail fit) using the Thomson-
Cox-Hastings function with the JANA2006 program package.

BET analysis

N, physisorption experiments were conducted with a Tristar
3000 (Micromeritics). In each case, the sample was firstly out-
gassed 2h under vacuum at 250 °C. N adsorption was then per-
formed at —196 °C and the specific surface areas were deter-
mined from the Brunauer-Emmett-Teller (BET) method in the
0.05-0.25 P/Pq relative pressure range.

Raman spectroscopy

Raman spectra were recorded at room temperature on a Xplora
confocal Raman microscope from Horiba Scientific (objective
50x%, NA=0.50), using a CW 532 nm laser excitation. The laser
power was less than 15 mW for all samples. The spectrometer
includes a grating with 1800 grooves/mm and an air-cooled
CCD. Unpolarised Raman spectra were measured over the fre-
quency range 50-1500 cm™ with a spectral resolution better
than 3 cm™. The deconvolution of the Raman spectra was sim-
ultaneously obtained using the same (as much as possible)
weighted Gaussian/Lorentzian (pseudo-Voigt) profile for the
materials considered. The defect-induced Raman bands had in
most cases a Gaussian profile (>90%) whereas the Raman-ac-
tive F»y band from ceria ca 465cm™ had nearly a 100% Lo-
rentzian profile which is consistent for a periodic lattice phonon
band (even when defects are present). For a given band profile,
the full width at half maximum (FWHM) and energy positions
were slightly modifiable during deconvolution (in the range of
0-2%) but were constrained to be similar for all spectra to main-
tain a continuous consistency between compounds. Particular
attention was paid to adjusting as well as possible the different
bands of spectra, but always with a minimum number of bands
as expected in regards to the considered polyhedral ESU de-
tailed in the Raman study section. Note that only the high fre-
quency range including the F»; Raman active band of pure ceria
were exploited for quantitative purpose and compared to the
NMR results. Finally, since the only allowed phonon band is
the ceria Raman-active F»q band, fitted intensities were normal-
ized to that band for each complex oxides in order to get a val-
uable reference between all of them. Note that another possibil-
ity could be to normalize the fitted intensities to the total spec-
tral density of each spectrum. We did not choose this method
since we think that the total spectral density is too much sensi-
ble to the lower spectral range (see for example figure 2c), and



therefore may not be enough correlated with the real defect con-
tributions, evidenced in the higher frequency part of each Ra-
man spectrum.

139 a NMR study

All experiments where performed at 20.0 T on a Bruker Avance
Neo spectrometer operating at a Larmor frequency of 120.1
MHz, and are referenced to a 1M solution of LaCls.

Static experiments were performed in a 4mm probe (~300 mg
of sample) using a Hahn echo sequence, an echo delay of 8.5
us, 20 kHz radio-frequency field and short pulse durations of 1
ps and 2 ps (i.e. less than 90°/180° pulses). With these condi-
tions, we ensure that the full spectrum width is excited. A recy-
cle delay of 0.25 s was sufficient to optimize the signal-to-noise
ratio and typically 24000 scans were accumulated (i.e. ~2h).

Magic angle spinning experiments were performed with a 1.3
mm probe (~10 mg of sample) spinning at 62 kHz. Spectra were
recorded with a Hahn echo sequence using an echo delay of 1
rotor period, a radio-frequency field of 100 kHz and pulse du-
rations of 0.625 W and 1.25 ps (corresponding to the transition
selective 90° and 180° pulses). A recycle delay of 0.25 s was
used and typically 300000 scans were accumulated (i.e. ~24h).

Simulations were performed using the “Czjzek™ also called
“Gaussian Isotropic Model” (GIM) model implemented in
DMFit¥",*, In DMFit this model, based solely on the Central
Limit Theorem and on statistical isotropy, contains four adjust-
able parameters: the line intensity, the position (average iso-
tropic chemical shift &;5,), its distribution 46,5, and the mode
of the quadrupolar coupling distribution Cqmege directly linked
to the width oc of this distribution through oc = Comode/2 (S€€
discussion part for further description). To better constrain the
fit, the later was performed simultaneously on both the static
and the MAS spectra. Whenever possible, the spinning side-
bands of the satellite transition were also taken into account.

RESULTS AND DISCUSSION

X-Ray diffractograms, depicted in Figures 1-2 Sl for complex
oxides annealed at T=600°C and T=1200°C reveal pure phases,
except for CeogZro.20, and Ceg2Zr0.3L.a0.0s01.96 OXides calcined
at T=1200°C (Fig 2-SI) where a slight phase separation is ob-
served.

The refined unit-cell parameter of the fluorite network and the
crystallite size are reported in Tables 1 and 1-Sl. The specific
surface areas of CepsZro,0, and CeggZroi2LagesO1 0,
Ceo.62Zr0.3L20.0801.96 determined by BET method on samples an-
nealed at T = 600°C, 1000°C and 1200°C are also mentioned.

Table 1 : Structural and textural characteristics of Cei.xyZrxLayO2.y2 0Xides annealed under air

Cell Parameters
Compositions (A)

Crystallite size

Surface area

(m%g)

Surface area
(m%g)

Surface area
(m%g)

(Tcal = 600°C) (nm) (Tcal =600°C)  (Tcal =1000°C)  (Tcal = 1200°C)
Cegolap 1005 5.442 (1) 13 (1) 44 <1 <1
Ceo 20,0, 5.394 (2) 10 (1) 50 <1 <1
CepZro.1L30,0501.06 5.426 (2) 7(1) 86 23 10
Ceo 201510 1501 0 5.435 (2) 8(1) 27 <1 <1
CeocZroL30,01 00 5.451 (2) 6(1) 7 <1 <1
CeocZro L8 0501 0 5.403 (3) 9 (1) 54 <1 <1

For a fixed Zr amount, the higher the La content, the higher the
unit cell parameter in good agreement with the larger ionic size
of La®* with respect to Zr* ions. This also explains the large
variation of the unit cell parameter in this series. It is worth not-
ing the high surface area of CeogZro.12L.a0.0801.96 cOmplex oxide
(Seer = 86 m?/g) as well as the high thermal stability of this
sample revealed by a surface area of 10 m?/g and a low crystal-
lite size after annealing at 1200°C. For the other compounds,
the crystallite size after annealing at 1200°C remains higher
(Table 2-SI) consistent with a loss of surface areas. Only
Ce0.8Zr0.20; and Cegg2Zro3Lao0sO1.96 Show a phase separation

after annealing at high temperatures (1200°C). The associated
tetragonal Zr-rich phase is denoted by an asterisk on the XRD
patterns (Fig 2 SI)



1% a NMR investigation

Table 2 : Experimental **La NMR parameters for reference ox-
ides and La local environment.

Compositions  d(iso) Cy Coordination Bond Length References
ppm  (MHz) number La-0
(&)
LaPO, 36 47 [9] 2x2,47 (49)
2,50
2x2,54
2,60
2,61
2,67
2,76
LaBO; 230 23 [9] 2,44 (51)
2x2,46
2x2,58
2x2,67
2x2,77

La(OH), 260 22 9] 3x2,59 (52)
6x2,63

LaNbO, 295 36 (8] 2x2,47 (52)
2%2,49
2x2,52
2x2,54

La,Zr,0, 410 86 (8] 2x2,34
6x2,64

La,0, 620 59 (7] 3x2,36 (51)

2,46

3x2,73

This work

19 ais a spin | = 7/2 quadrupolar nucleus with an almost com-
plete natural abundance (99,9%), a moderate gyromagnetic ra-
tio g (y=13.801 - 107 rad T s) but a large quadrupolar moment
making it very sensitive to the Electric Field Gradient (EFG)
generated by surrounding charges. The latter leads to a severe
broadening of the line even at high principal magnetic fields and
high spinning speeds. The extent of the EFG (i.e. the quadrupo-
lar coupling constant Co) and its deviation from the cylindrical
symmetry (i.e. the symmetry parameter nq)*** are usually re-
trieved from a simulation of the NMR line, along with the iso-
tropic chemical shift 8. Experimental 8is,, and Cq ¥*La NMR
parameters of various oxides and hydroxides are reported in Ta-
ble 2, illustrating the influence of the local geometry on those
parameters. 2.5 at % of La®" into CeO; leads to a sharp singlet
at 8is, = 280 ppm®L, confirming that La®* cations occupy the cu-
bic site of the fluorite lattice. In La,Os, La** occupy highly dis-
torted monocapped octahedra with 3 shorter La-O bond lengths
at 2.36 A and 5i, increases to 620 ppm as well as the quadrupo-
lar coupling constant which reaches Cq = 59 MHz, showing the
deviation from cubic symmetry. In La(OH)3, La®** are 9-fold co-
ordinated to oxygen with 3 shorter La-O bond distances at 2.59
A and the local environment remains closer to the spherical
one’s with lower Jiso, = 260 ppm and Cq = 22 MHz values. The
large decrease of diso, from La,O3 to La(OH)s is related to the
increase of coordination number and La-O shortest bond

lengths. Moreover one should have to note that the ionic char-
acter of La-O chemical bond increases from La,O3 to La(OH)3
and the i, chemical shift decreases. Furthermore, in ternary
compounds, LaPOy, LaBO3, LaNbO, and La,Zr,07, the influ-
ence of M second neighbors (engaging a stronger M-O covalent
bond, M = P5* > B% > Nb%* > Zr**) on §is, chemical shift is high.
Through the inductive effect of M cations, the more covalent
the M-O bond, the higher the ionic character of the La-O bond
and again the lower dis. Indeed, the chemical shift drastically
changes in increasing order from LaPO, (Si= 36 ppm) <
LaBOs, (8iso= 230 ppm) < LaNbOg (8iso= 295 ppm) < LazZr,07,
(8iso= 410 ppm). In these two last compounds, the coordination
number (CN) is equal to 8 whereas in phosphate or borate, it
expands to CN=9%5253  Moreover, the quadrupolar coupling
constant raises from 36 MHz in LaNbO,4 to 86 MHz in La,Zr.0O-
because the site moves away from the spherical symmetry.

Figure 1 displays the experimental **La MAS spectra obtained
for Cegglag101.95 and CepsZro.12La0.0801.96 annealed at 600°C
and 1200°C. The lines span over 500 ppm, but without the char-
acteristic sharp discontinuities one would expect for a well or-
dered compound. Taking into account our results and those of
literature®, when the La®" content increases from 2% mol® to
8% mol into ceria, the cubic environment of La®* is altered. On
the contrary, one recovers a continuous line raising sharply on
the left side and decaying slowly on the right edge reminiscent
of a continuous distribution of EFG like the one initially pro-
posed by Czjzek*® and further developed for NMR by Le Caer
et al.> under the acronym "GIM" (Gaussian Isotropic Model).
The main hypothesis behind this model is that the EFG tensor
elements are randomly distributed, or in other words that they
are sums over a large number of random terms with various
physical origins (such as, but not limited to, bond lengths and
bond angles). Although this hypothesis could appear awkward
in the context of crystalline materials, it makes reasonable sense
under the assumption of a random distribution throughout the
network of cations onto the unique A lattice site of the fluorite
structure, as well as V,2-. It has indeed early been shown that a

non-relaxed cubic solid with a high density of vacancies display
a Czjzek-like distribution of EFG®. As seen in Figure 1, the
Czjzek model does indeed provide a very satisfactory simula-
tion using a one- or two-component fit accounting simultane-
ously for both the static and the MAS spectra (see supplemen-
tary materials). One retrieves then the average (most probable)
isotropic chemical shift &, along with the full width at half
maximum of its Gaussian distribution Ad;,, and a unique quad-
rupolar parameter oc, the width of the distribution (or its vari-
ance aZ) of the elements of the EFG. oc measures the extent of
the atomic-level disorder present in the sample and has lost any
specific structural feature it originates from®®. An increase in oc
can be viewed as an increase in “structural disorder”, e.g. an
increase in the width of the distribution of La-O bond lengths
and O-La-O bond angle. **La NMR experimental parameters
8is0r ASis, and oc of all investigated cerium-based oxides are
reported in Table 3 and Table 3-SI.
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Figure 1: ***La MAS NMR spectra of Cepglap 10105 (left, a & b) and CeosZro 12180080106 (right, ¢ & d) annealed at 600°C (top a &
¢) and 1200°C (bottom, b & d). Line shape simulation are shown in red (sum of site 1 &2), green (site 1) and violet (site 2). On the
basis of the ***La NMR investigations, schematic representations of the surface-subsurface-bulk network of the Cegglag 101,95 and
CeosZro12La0,0801.95 OXides. Lac, sites (far from oxygen vacancies and Zr atoms) are represented in green, Laper sites in violet, Zr**

site in orange, oxygen vacancies V,z- in red and Ce** in blue

For Ceoglag101.95 annealed at 1200°C, the NMR spectrum can
be well simulated using a single component with a large distri-
bution (Figure 1 and 5-SI). Its &5, is among the lowest at 266
ppm with oc around 13.1 MHz, a high value illustrating a struc-
tural disorder arising from the presence of many lanthanum con-
figurations. The La®** local environment is no more cubic but
distorted (non-zero EFG) and the site distribution is disordered.
Annealing at 600°C produces a sharper signal (Figure 1) for
which a single component does not alHew-te account satisfacto-
rily for both the static and the MAS spectra (Figure 3-Sl). The
first component (27%) is characterized by J;,, = 266 ppm and
a oc around 5.3 MHz whereas the second (73%) by &;,, = 288
ppm and a significantly bigger oc around 12.4 MHz. Both &,
indicate that those two sites correspond to 8-fold coordinated
La®* in accordance with their position on the A site of the
fluorite structure. We propose that this difference in local disor-
der at the La site is linked to the absence/presence of V- oxy-
gen vacancies as defects in the nearest neighborhood of those
La sites. In the absence of such defects the structural disorder
originates from the statistical occupancy of the A sites by either
Laand Ce with various La-O bond distances. One should have
te underline that the first less disordered environment (27%)
should also correspond to the 2% (0.27 x 8%) of La%*detected
in cubic environment in the CepsLao.0201.05 phase®’. Then, one
can assume that this isolated La®" site surrounded by 12 Ce**as
second neighbors in cubic environments must become pseudo-
cubic. Additional presence of defects such as V- for oxygen

vacancies or Zr** for the following compositions, induces an
additional structural variable which increases the extent of the
structural disorder and hence oc. In the following we will refer
to these two lanthanum environments as Lace (low 6,5, and oc)
and Laper (high 8,5, and oc) respectively.

CeosZro12La0080196 annealed at 600°C (Fig 1) shows an in-
creased proportion of Lac, site (40%, &;,, = 278 ppm, oc = 5.5
MHz) (Table 3) while increasing the chemical shift of both
these sites due probably to a slight decrease of the La-O bond
distances. Compared to CepglLag101.6s, the isotropic chemical
shift of Laper (8;5, = 314 ppm, oc = 11.9 MHz) increases signif-
icantly and approaches the 410 ppm value found for La,Zr,0O
(table 2). This increase therefore shows the presence of the
(Voz Zr*) defects in the vicinity of this site while keeping the
8-fold coordination found in La,Zr,0O;. After annealing at T =
1200°C, the two sites Lace and Laper (20%/80%) are still evi-
denced by their oc (resp. 4.6 MHz and 11.6 MHz) but display
closer &;,, (resp. 284 ppm and 296 ppm). Surprisingly, after an-
nealing at T=600°C, the-presence of Zr** ions; favors again an
8-fold coordination labelled Lac. for La®* in pseudo-cubic co-
ordination, mainly surrounded by Ce*" as second neighbors and
far from (V;, Zr**) defects . The clear decrease of Laper
;5o UpON increasing Tea from 600°C to 1200°C (resp. 314 ppm
to 296 ppm) when the values for Lac. are almost constant (resp.
278 ppm to 284 ppm) shows the influence of (V;, Zr*) defects

in the neighborhood of the former.



Table 3: Experimental ***La NMR parameters for Cey.«yZr«RE,O-., annealed at 600°C under air. Error bars are given in Table 4-SI.

Compositions %site (1) 5, (1) A8, (1) o (1) %site(2) 5,(2) Ad,(2) o (2)
(T = 600°C) (ppm) (ppm)  (MHz) (ppm) (ppm)  (MHz)
Cepslag ;0 o5 27 267 48.8 5.28 73 288 342 12.1
Cey 8Zr.15L0 6501 o6 40 278 25.7 5.51 60 314 48.4 11.9
Cep+Zr 15Lag 1501 5 31 275 70.1 5.55 69 293 29.5 13.8
Ceo5Zr0.5L30,01.90 37 278 38.8 10.1 63 338 54.1 20.1

For Cepglao101.90 and CegsZro12La0.0s01.96 COMpositions, the
surface area is equal to 44 m?/g and 86 m?/g respectively (Table
1). Taking into account the strong ability of Zr** ions to stabilize
the surface in ceria-based materials as well as their affinity to
be 7-fold coordinated to oxygen, it is reasonable to consider the
stabilization of (V> oxygen vacancies happens preferentially
at the surface in the vicinity of Zr**. Upon annealing at 1200°C
the surface collapses and the amount of Laper environments in-
creases because (Vo;, Zr*") defects migrate towards the bulk.
Thus, large and saturated Lace sites are mainly found at the sub-
surface (below the third atomic layer), far from Zr** ions stabi-
lized with V- oxygen vacancies and found at the surface. It is
always hard to make a difference between surface and subsur-
face but in order to avoid broken bonds at the surface, it is more
reasonable to consider the pseudo-cubic Lace sites surrounding
by cubic CeOg environments at the subsurface. Structural relax-
ation also takes place at the surface leading to La-O bond
lengths raising and can hence lead to the formation of Lace
pseudo-cubic environments.

At Tea = 600°C, increasing La and Zr contents while keeping
atomic ratio La/Zr equal to 1 (Ceo7ZroisLagisO192 and
Ceo.6Zr0.20La0.2001.90 cOMpositions; Figures 7-Sl and 8-Sl) leads
to an increase of the Lac. proportion (resp. 31% and 37%) while
keeping J;,, constant (~277 ppm). The increase of average iso-
tropic chemical shift 8,5, of the Laper Site with La content in the
case of Ceg6Zr0.20La02001.90 COMplex oxide shows an increased
presence of Zr in its vicinity (i.e. La-O shortest bond distances
such as those found in La,Zr,0O7). Both Lace and Laper display a
significant increase of oc with increasing (Zr,La) content up to
values as large as 20.1 MHz, evidencing a dramatic increase in
structural disorder. We observe the same structural trends after
annealing both these compounds at 1200°C (Figures 7-SI and
8-Sl and Table 2-Sl). The concentration of Laper Stays never-
theless rather constant over this range of composition.

Raman study: introduction of a local defect model

The primitive unit-cell that drives the IR-Raman activities in a
periodic network is a rhombohedron oriented along the three-
fold cubic axis with cell angles equal to 60° to satisfy the cubic
symmetry. The primitive unit cell of CeO, contains the central
Ce atom bonded to the two O atoms distributed along the rhom-
bohedral axis which are equivalent through the center of sym-
metry operation i at the cation Oy, site. Then, this bcc ESU (ele-
mentary structural unit) may be regarded as two imbricated
(Figure 2a) perfect tetrahedra. On the basis of point group Tg,
the vibrational Raman active normal mode are T'raman= A1 + E
+ T, + T°,°". Therefore, the Raman active breathing mode F4 of
O atoms in the bcc ESU corresponds to the in-phase v, symmet-
ric stretch modes of the two perfect [CeO4]* tetrahedra (figure
2a-b). The occurrence of an oxygen vacancy then breaks the lo-
cal centrosymmetry (but also partially the translational sym-
metry selection rules) and the two half ESUs are no more equiv-
alent and frequency decoupling between the imbricated Tq sites
takes place and a partial release of the initial Raman selection
rules occurs. Assuming a local weak dynamical distortion so
that the Ty Raman activity is preserved, we have a pair of
[CeO4)* / [CeI03]* Raman bands (Fig.2a-b). In an analogous
way, a cation defect breaks the local centrosymmetry and if the
structural distortion of the defect ESU, related to ionic size, va-
lence or polarizability change, is not so critical, again we expect
similar Raman features. This local defect model considering
two imbricated tetrahedra is the simplest molecular ESU de-
scription that can be done considering the periodic structure of
ceria. We explicitly did not consider more complex situation
that probably occurs but much lesser extent since the Raman
spectra were sufficiently well reproduced with this simple ESU
local defect model.

For the Raman spectra of Ceqgl.ao.101.95 compounds annealed at
600°C and 1200°C (Figure 2c), the-strongest relevant difference
is observed in the high frequency range (ca 600 cm™) associated



to LaOs cubic site with two imbricated tetrahedral sites as pro-
posed here. The low frequency range (< 250 cm™?) is related to
heavier cations displacements and their contributions are ex-
pected to be highly sensitive to thermal effects favoring thus
potential oxygen mobility in the network. The various valence
and deformation modes of Tg site, following the frequency or-
der proposed by Nakamoto et al.%’, are represented on Figure 9-

C, -fold axis

SI. Of course, the low frequency range decomposition that we
present here is a proposition that we think consistent with the
ESU local defect model. Note that this low frequency range de-
composition does not impact the correlations that we evidence
in this work considering the Raman high frequency range and
the NMR results.
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Figure 2 a) and b) Schematic representations of the ceria (fluorite) network with two imbricated oxygen tetrahedral sites surrounding
cations and associated La®*/V,,. defects. ¢) Various valence and deformation vibration modes of Ty site assigned on Raman spectra
(Raman spectra of Cegglao101.95 annealed at T = 600°C and T = 1200°C appear with bold and dashed line respectively), following

the frequency order proposed by Nakamoto et al.*’.

The'*La NMR study evidenced that the Lace pseudo-cubic site
(27 % contribution) identified for the oxide annealed at 600°C
becomes more disordered and under the influence of V,2- upon

annealing at 1200°C. On this basis, the high frequency band
observed at 600 cm™ in Raman spectra depicted in Figure 2-c,
whose intensity decreases after annealing at high temperatures,
should be then due to Lac. sites. According to Nakamoto, this
high frequency band is assigned to the asymmetric stretch T,
(v3) (Fig. 9-Sl). The intensity decrease and the red-shift of this
T,[O%] band upon increasing annealing temperature (for details
see in supplementary information: Fig.10a-SI and Fig. 11a-Sl
and Table 5-SI and Table 6-SI) can hence be related to the in-
creased local disorder around La atoms seen by **La NMR. The
other band around 550 cm™ at lower frequency does not change
drastically (energy shift and intensity) after annealing the sam-
ple at high temperature. The O%-La®* chemical bonding stiff-
ness associated with this vibration mode is less strong than the
previous one with a relaxation effect due to the occurrence of
V2~ in its nearest neighborhood (Fig. 2b-c). It should corre-

spond to an asymmetric stretch T2[V,2-] polar mode (v3) linked

to the presence of V,z- in the nearest neighborhood of oxygen
and lanthanum atoms as shown in Figure 2b. In addition to the
main Fzy peak, six expected additional peaks between 600 cm*
and 200 cm™ have been indeed found. The deconvolution of Ra-
man spectra are depicted in Fig. 10-SI and 11-SI and reported
in Table 4 and Tables 4-5-6-SI. According to Nakamoto®, for a
Ty site, the two bands at 400-500 cm™ are attributed to the v;
symmetric stretch (A;), respectively noted A;[0%*] and
Ai[V,2-].

The A; bands intensity decreasing for samples annealed at
1200°C (Figures. 2c), tend to show also that the random distri-
bution of V.- induces a higher (cubic) symmetry. The two last
bands around 350 cm™ and 250 cm™ , coupled with the asym-
metric stretch T (v3) for symmetry reasons, are assigned to the
polar T, (v4) deformation mode, also more sensitive to charge
defects and respectively to T4[O?] and Tq4[V,,2-] environments.
The T’;[V,2-] peak around 250 cm™ appears more clearly and

will give complementary information. The red shift of this band
and the decrease of its intensity as complex oxides are annealed

. La?* cubic site far from



at 1200°C (Fig. 2c), seems to indicate that O atoms near V,2-

are less bonded to La®/Ce*". That suggests the random distri-
bution of V- into the fluorite network in good agreement with

1% a NMR study.

In order to reasonably quantify the content of structural defects
, the peak at higher energy around 600 cm™ and denoted T,[O*
] seems more representative because they are unambiguously
separated from the other ones at lower frequencies. An intensity
ratio N = To[O%] / Faq, reported in Table 4, has been considered

for discussion involving the T,[0%] (v3) polar mode around
600 cm?, sensitive to charge defects and the main Fyq line. Fur-
thermore, the Gaussian versus Lorentzian shape of the T,[0?]
peak reported in Table 4 can be also discussed.
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Figure 3 : Raman spectra of Cei,ZrRE,O,., complex oxides annealed at 600°C (a) with expanded view of selected region (500-
800 cm® (b) and 200-400 cm™* (c)) . Raman spectrum deconvolution of CegsZro 12180080196 cOMplex oxide annealed at 600°C is also

represented.

When a Gaussian contribution (inhomogeneous width) to a de-
fect band profile decreases (in favor of a Lorentzian shape: ho-
mogeneous width) it means that defects becomes more local-
ized (i.e. less randomly distributed) and experience a longer vi-
brational lifetime. In other words, we think this band profile
modification evidences a short range order of structural defects
as well as interactions between them. Thus, the Gaussian con-

tribution equal to 50% in CeggLao101.90, calcined at 600°C (Ta-
ble 4), suggests that a new short range organization of defects
is being set up. It is not the case for the T,[V,2-] Raman peak
with almost 100% ef Gaussian shape (Table 5-Sl) and for which

the defects associated to oxygen vacancies remain randomly
distributed.

oxygen vacancies



Table 4 : Summary of the Experimental Raman Parameters extracted from spectra deconvolutions of Cey.x.yZrREyO., complex ox-
ides annealed at 600°C under air

Compositions Fag Ta0] N _ Nua
(T.., = 600°C) Intensity Intensity Gaussian Shape N = Ta[0® | Ny, = i
(a.u.) (a.u.) (%) Fag T S
Ceoslag:01s0 0.80150 0.12390 50 0.155 1.550
CepsZry 1210050106 0.37092 0.06437 65 0.174 2.175
Ceg7Zro15L851501.02 0.66590 0.15093 31 0.224 1.493
Cep 6202020200190 0.81601 0.60329 0 0.732 3.660
Cey.622"0.30L30.0801.96 0.70358 0.44976 0 0.639 7.989
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By analyzing the evolution of the T,[O%*]/Fzq intensity
ratio (green arrow around 600 cm™ on Fig.3c), the sub-
stitution of Ce** by Zr** in CegsZr0.12L.80.0801.96 leads to
the increase of the intensity ratio N in comparison with
Ceoglao.101.90, With almost the same La content (Table
4 and Fig 3). This is in agreement with the increase of
the amount of Lace not influenced by V,,2- upon increas-

ing Zr** content, as seen by **La NMR. Furthermore,
the T,[O*] peak shape exhibits a more pronounced
Gaussian contribution (65%, Table 4) which suggests
that structural defects are more randomly distributed in
this Zr-containing compound than in Cegglag 101 9.
Furthermore, the comparison with CesZr;20, spec-
trum, reveals clearly a flat band centered at 600 cm*
instead of the two T,[V,2-] and T,[O?] peaks in La-sub-

stituted cerium-based oxides (green and blue arrows on
Fig. 3b). As mentioned in the literature?®3°, these two
Raman peaks in the high frequency region do indeed
evidence the presence of trivalent rare-earth ions stabi-
lized into the ceria-based network.

By increasing the La and V,2- contents in

Ceo.8Zro.15L.20.1501.02 the proportion of local defects in
the vicinity of La but isolated from V.- slightly in-

creases, with the intensity ratio N which varies from
0.174 in CeosZro.12L.20.0801.96 to 0.223 in
Ceo.7Zr0.15La0.1501.02. Taking into account the La con-
tent, the Ny, value (N2 = N / XLa) changes roughly from
2.2 for x =0.08 to 1.5 for x = 0.15 (Table 4). On the
basis of our **La NMR investigation, the proportion of
the Lac, site evolves from 40% (Ceg sZro.12L.a0.0801.96) tO
31% (Ceo.8Zro.15La0.1501.92), in good agreement with the
decrease of the Ny, value in this series. This change can
be clearly observed on Figure 3b (noted by green and
blue arrows) considering the T2[0?] and T2(Vo2-] Ra-
man bands.

The Gaussian contribution to the T,[O*] peak strongly
decreases to 31% (Table 4) upon increasing Zr and La
content, showing that short range ordering of defects is
taking place. Increasing further the Zr content leads to
pure Lorentzian line shape of the T,[O%*] peak (Table 4)
also pointing towards a self-organization of defects at a
local scale. The frontier between the Lac. pseudo-cubic
site surrounded by twelve Ce** cubic sites as second
neighbors and the Laper local environment connected
with oxygen vacancies and/or Zr** in its vicinity is then
hard to distinguish using Raman data. Clusters for-
mation involving V,,2-, Zr, and La atoms must appear at

high Zr loading, such as in Cege2Zro.3La0.0801.96 for
which the observed very high N, value has no more
sense. This is also seen in the increase of As[V,2-],

T2[Vy2-] and T2[V,2-] (marked with an arrow on Fig.
3a) band intensities and related to the presence of de-
fects near V,2-. Moreover, the pure Lorentzian shape

(homogeneous width) of the T,[0%] peak for the oxides
with the highest contents of La and Zr (Table 4) also
shows the localized character of these defects (loss of
connectivity with the ceria network).
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For the compounds annealed at 1200°C, the intensity of
the bands in the T, (v3) and T’»(v4) region (Fig. 8-Sl)
drastically increases for CeggZrozLas20190 Whereas
they gradually vary with La and Zr contents for the four
other ones. The T,[O%] band intensity at 600 cm™? in-
creases with La content and its line shape becomes
more Lorentzian, suggesting again a partial structu-
ration of the defects at a local scale.

Correlation between Raman and *La NMR investi-
gations: analysis of defects.

On the basis of **La NMR study, the content of Lac.
pseudo-cubic sites located far from Zr and less disor-
dered because they are less affected by oxygen vacan-
cies than the second site Laper, has been correlated to
the Ny, ratio deduced from Raman spectroscopy (Ta-
bles 3 & 4). The case of CepsZrozLap 20190 (Tea =
600°C) with the highest La and Zr contents is more
complex. It shows the largest oc measured by NMR for
both Lace and Laperenvironments pointing toward a se-
vere increase in structural disorder, yet the large in-
crease of T, (v3) band intensity at high frequency
shows a partial local organization of defects. It points
to specific cluster formation and it is then preferable to
focus on the three Ceoolag101.95, CeogZro12La0,0801.96
and Ceg.7Zro.1s5La0.1501.92 cOMpositions to better under-
line the correlations between **La NMR and Raman
analyses (Fig. 4-a). For those compounds, the effect of
annealing temperature on the proportion of Lace
pseudo-cubic sitan es and the N, parameter has been
drawn in Figure 4-b, showing a rather good correlation.

The Lac. site of Cegglag101.95 is thermally unstable
and defects disorder appears with annealing tempera-
ture. However, whatever the annealing temperature, the
50% Gaussian contribution of the Raman T,[O%] band
(Table 4) shows a partial organization of defects involv-
ing Laper. The substitution of a small amount of Zr for
Ce in CeogZroi2l.80080196 OXide contributes to an in-
crease in the proportion of Lace pseudo-cubic sites but
also its thermal stability and the defects seem to be
more randomly distributed (65% Gaussian contribution
of T,[0?] band of Raman spectrum, Table 4). Never-
theless, the increase of La and Zr contents in
Ceo.7Zrg.15La0.1501.92, does not allow the stabilization of
a higher proportion of Lace sites after annealing at
600°C and the defects rate N, associated with Lace
pseudo-cubic sites also decreases with the appearance
of a partial organization of such defects at a local scale
(30% of Gaussian shape of T,[0?] band of Raman
spectrum, Table 4).

In the series of Cepglao101.95, Ceo.8Zr0.12La0.0801.96, and
Ceo.7Zro.15L.20.1501.92 annealed at 1200°C, the concentra-
tion of Lac. defects far from oxygen vacancies (Raman)
and the proportion of Lace pseudo-cubic sites farther
from Zr atoms (***La NMR) gradually increase with
(La+Zr) content (Fig.4-b). Nevertheless, the local dis-
order also raises with high (La + Zr) content. Starting
from Ceo.7Zro.15La0.1501.92, the local organization around



La** and oxygen vacancies located around Zr** looks
like that observed in pyrochlore La,Zr,O7 with the de-
formation of LaOg cubic sites near Zr** ions. The only
stable and well isolated (limitation of the local disorder
with the lowest oc value related to **LLa NMR spectra
on Table 3-SI and the highest percentage of Gaussian
shape of T2[0?] band of Raman spectra around 60% on
Table 7-Sl) Lac. pseudo-cubic site is observed after an-
nealing at 1200°C for CegZro.12L.80.0801.96 i.€. in @ cOM-
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pound with a surface area of around 10 m?/g. A sche-
matic representation of the surface-subsurface-bulk
network of the CegsZro12La00s01.96 cOmMplex oxide is
depicted in Figure 4c.

. Vo,. : OXygen vacancies

. Ce** cubicsite

. La** cubic site

La* distortedsite
near Vo,_

Zr# distorted site

Figure 4 : Correlation between Raman and ***La NMR parameters. (a): % of Lac. (pseudo-cubic site , **La NMR) versus
NLa (Raman) for oxides annealed at 600°C. (b): N, (Raman) and % of Lac. (***La NMR) versus annealing temperature.
(c) Schematic representation of the surface-subsurface-bulk network of the CegsZro12L800801.96 OXide. La®* cubic site
far from Zr** and oxygen vacancies (Lace) are represented in green, La®* distorted site near Zr** and oxygen vacancies
(Laoer) in violet, Zr** in orange, oxygen vacancies (V,2-) in red and Ce** in blue.

With a small amount of Zr (12 or 15 %4), a larger con-
tent of Lac. in pseudo-cubic coordination can be stabi-
lized and this is probably due to the large amount of
isoelectronic Ce** in the cubic site, as well as the lower
interactions with smaller polarizing Zr** cations. More-
over, this Lac. pseudo-cubic site is highly polarizable
and its ability to be deformed would also promote the
oxygen motion. After the oxygen displacement, La%*
ions can be indeed easily stabilized with oxygen vacan-
cies in a larger 7-fold coordinated site with higher po-
larizability, like in La,Os for instance. The high thermal
stability of this Lace pseudo-cubic site farther from Zr
atoms, for compositions with low Zr content, seems
also a key feature at the origin of sufficient surface ar-
eas after annealing at high temperatures (Table 1). This
Lace. site acts as a pillar which reinforces the thermal
stability of the surface (Fig.4c). The other more disor-
dered Laper Sites, whose proportion increases with the
annealing temperature, is closer to oxygen vacancies
and Zr atoms. Consequently, the distortion of this latter
site is more pronounced in the bulk. It is then reasona-
ble to assume that all of the more regular Lac. sites re-
mains in the subsurface and strongly affects the oxygen
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mobility at the surface. This pseudo-cubic Lace site be-
haves as an oxygen pump and illustrates the strong im-
pact of the subsurface on the oxygen availability at the
surface (Fig. 4c). Nevertheless, if the surface properties
are enhanced in this case, the ionic conductivity in the
bulk should be lowered because of the ZrO--LaOg clus-
tering acting as oxygen diffusion barriers.

CONCLUSIONS

A series of cerium-based complex oxides with increas-
ing content of zirconium and lanthanum have been pre-
pared by co-precipitation in basic medium followed by
annealing at 600°C to keep surface area but also at
1200°C to compare the structural features of the bulk
with or without the contribution of the surface. Com-
bining **La NMR and Raman spectroscopies, allows
access to information about La local environments and
associated defects respectively. Two kinds of La site
have been evidenced: away from Zr and consequently
surrounding by Ce** cubic site, labeled Lac. and nearby



Zr and with a higher local disorder but also the influ-
ence of oxygen vacancies in their neighborhood for the
second one, labeled Laper. The proportion of both these
sites varies with the La and Zr contents and their local
disorder becomes higher with the (La+Zr) loading. For
the lowest contents (around 10%pmo of La and 10%mo of
Zr) the amount of Lace is the highest at around 40%.
The defects detected on Raman spectra have been in-
dexed considering tetrahedral environments around
lanthanum and a pair of Raman bands with or without
the influence of oxygen vacancies. It is found that for
larger (La+Zr) content short range order of defects and
clustering can occur. The formation of La/Zr clusters
probably affects geometry of Lac. site creating local
distortion and disorder. The Lace pseudo-cubic site far
from the oxygen vacancies for the CeosZro.12L.80.0801.96
composition containing the lowest La and Zr contents,
is the most isolated one in this series. Thus, the isolated
LaOg defect detected at high frequency on Raman spec-
tra can be correlated to the Lac. pseudo-cubic site, far-
ther from Zr and oxygen vacancies and observed in
1% a NMR spectra. This is the first time that a new in-
dexing of Raman bands associated with defects in ceria-
based materials is proposed based on an *°La NMR
study, so illustrating the interconnections between the
oxygen and cationic sub-networks. When the La and Zr
contents are low around 10%, in order to limit the in-
teractions between them, the percentage of isolated
Lace pseudo-cubic site connected to the oxygen Ty site
far from oxygen vacancies is the highest. The strong
ionic character of the La-O bonding in this cubic site
should lead to enhanced the oxygen mobility at the sur-
face. This structural defect behaves as an oxygen pump
at the subsurface to feed the oxygen vacancies sur-
rounding few Zr*" ions at the surface. Moreover, the
larger the Lace concentration (more disordered as the
(La+Zr) content increases), the higher the thermal sta-
bility in order to keep high surface area at high temper-
atures. This Lace pseudo-cubic site far from Zr atoms
contributes to increase the surface energy to the detri-
ment of the Madelung energy which tends to associate
the most polarizable rare earth La®* to the most polariz-
ing cation, Zr*".

This study opens up the field of new structures and het-
erostructures with defined compositions aimed at in-
creasing oxygen mobility while maintaining a high spe-
cific surface area. One of the challenges will be to finely
modify the composition of CeysZros0, mixed oxide
which exhibit excellent OSC properties in order to in-
crease both the oxygen mobility and thermal stability.
As mentioned in this paper, the local environment of
La®* can be strongly influenced by the smaller ions Zr*
or more polarizing Nb®*. Finally, the cubic environment
of La as in LaNbO4 can be an interesting starting point
in order to identify new compositions and structures
where oxygen mobility would be enhanced for applica-
tions in redox catalysis and Solid Oxide Fuel Cells.

ASSOCIATED CONTENT
Supporting Information.
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Figure S1 showing powder XRD patterns of Ce1x.,Z-
rREyO,., complex oxides annealed at 600°C under air.
Figure S2 showing powder XRD patterns of Ce1x.,Z-
rRE,O,., complex oxides annealed at 1200°C under
air. Figure S3 showing the comparison of the best fit sim-
ulations of the 13°La NMR spectra of Ceoolao101.95 an-
nealed at 600°C and using one- (left) and two- (right)
Czjzek-like components. Simulations account simultane-
ously for the static (top) and spinning (bottom) experi-
mental spectra. Figure S4 showing the comparison of the
best fit simulations of the '¥La NMR spectra of
CeosZro.12LaoosO1.96 annealed at 600°C and using one-
(left) and two- (right) Czjzek-like components. Simula-
tions account simultaneously for the static (top) and spin-
ning (bottom) experimental spectra. Figure S5 showing
the comparison of the best fit simulations of the *°La
NMR spectra of Ceo.gLao.101.95 annealed at 1200°C and us-
ing one- (left) and two- (right) Czjzek-like components.
Simulations account simultaneously for the static (top) and
spinning (bottom) experimental spectra. Figure S6 show-
ing the comparison of the best fit simulations of the 1*°La
NMR spectra of Ceo.s4Zro.12L.20.0801.96 annealed at 1200°C
and using one- (left) and two- (right) Czjzek-like compo-
nents. Simulations account simultaneously for the static
(top) and spinning (bottom) experimental spectra. Figure
S7 showing the best fit simulations of the **La NMR spec-
tra of Ceo.70Zro.15La0.1501.95 annealed at 600°C (left) and
1200°C (right) and using two Czjzek-like components.
Simulations account simultaneously for the static (top) and
spinning (bottom) experimental spectra. Figure S8 show-
ing the best fit simulations of the **La NMR spectra of
Ceo.60Zr0.20L.a0.2001.90 annealed at 600°C (left) and 1200°C
(right) and using two Czjzek-like components. Simula-
tions account simultaneously for the static (top) and spin-
ning (bottom) experimental spectra. Figure S9 showing
the schematic representation of various valence and de-
formation vibration mode of Ty site, following the fre-
quency order proposed by Nakamoto. Figure S10 show-
ing the Raman spectra deconvolution of CejyyZ-
r«LayO,.; complex oxides annealed at 600°C. Figure
S11 showing the Raman spectra deconvolution of Ce;.
xyZrxLayO2., complex oxides annealed at 1200°C. Fig-
ure S12 showing the Raman spectra of Cei..yZryLa,O-.
; complex oxides annealed at 1200°C. Table S1 show-
ing the ICP analysis of complex oxides. Table S2 show-
ing Structural and textural characteristics of Cei.xyZ-
rREyO,., oxides annealed at 1200°C under air. Table
S3 showing Experimental **La NMR Parameters of
Ce1xyZrRE O, complex oxides annealed at 1200°C
under air. Table S4 showing experimental **La NMR Pa-
rameters of Ce1-xyZrxREyO2-2 complex oxides with error
bars. Table S5 showing Supplementary Experimental
RAMAN Parameters extracted from spectra deconvolu-
tions of Ceix.yZrkREyO2; complex oxides annealed at
1200°C under air. Table S6 Experimental RAMAN Pa-
rameters extracted from spectra deconvolutions of Cei-x-
yZIkREyO2-; complex oxides annealed at 1200°C under air.
Table S7 showing Supplementary Experimental RAMAN
Parameters extracted from spectra deconvolutions of Ce1-
xyZIxREyO2-2 complex oxides annealed at 1200°C under
air.
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