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ABSTRACT: Nanostructured CeO,rich samples cosubsti-
tuted with ZrO, and Sc,0; are studied. The effects of the
combined additions of both oxides on structural, morpho-
logical, and, especially, redox properties of the substituted
lattice are assessed. In situ near edge X-ray absorption
(XANES) experiments with synchrotron light were performed
to study oxygen exchange capacity in a reducing environment
for these ternary oxides. Structural characterization revealed
that up to 8 at. % Sc was successfully incorporated into the
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Ce0,—ZrO, lattice without phase segregation. Increased scandia solubility was achieved through a soft chemical route synthesis
involving citrate complexation which gave rise to porous powders with crystallite sizes in the nanometer range. In situ XANES
experiments in 5 mol % H,/He atmosphere demonstrated that adding Sc** to the CeO,—ZrO, mixed oxide leads to a ternary
system (CegoSc,Zrg;_O,_s) with faster reduction kinetics and enhanced reducibility in the whole temperature range analyzed
(25—800 °C) compared to both binary materials: CeqoZry;0, and Cey4Scy ;0 o5

1. INTRODUCTION

Ceria-based materials have been widely studied in the past
decades due to their interesting defect chemistry and enhanced
redox capability that enabled their use in an extensive variety of
applications such as catalysis and electrochemistry." Pure CeO,
presents a fluorite-type cubic crystalline structure (Fm3m space
group) with high oxygen mobility in the lattice due to the
reversible interplay of Ce*/Ce’* species in oxidizing and
reducing atmospheres. The reduction of Ce*" to Ce®" gives rise
to the formation of oxygen vacancies to compensate charge
fluctuations. As a result, the presence of oxygen vacancies
enables oxygen diffusivity through a vacancy hopping
mechanism in the anion sublattice of the fluorite structure.

Oxygen diffusivity in ceria-based materials is highly required,
in particular in the field of intermediate temperature solid-oxide
fuel cells (IT-SOFCs), where materials with mixed ionic and
electronic conductivity are sought after.” SOFC anode materials
need to be able to oxidize the fuel molecule with the O~ ions
incoming from the electrolyte. In this sense, these materials
should guarantee access to the gas-phase fuel molecule through
the structure to reach the oxygen ions. Therefore, a porous
structure is highly desirable.
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In fact, if high ionic conduction takes place in the anode, the
reaction is not confined to the triple phase boundary (TPB),
but instead it occurs within the whole surface area where the
oxygen ions surpassing the anode—electrolyte interface are
located. Furthermore, if hydrocarbons are used as fuels, oxygen
mobility in the lattice can promote gasification of carbon
species deposited in the material surface.*

The effects of rare-earth (RE) and transition metal (TM)
additions to ceria have been extensively studied in order to
tailor its properties, making it suitable for specific applica-
tions.”® In particular, in the area of catalysis, the addition of
ZrO, to the CeO, lattice has proven to enhance redox
properties and catalytic activity for hydrocarbon oxidation and
to favor thermal stability by preventing particle sintering and
consequent loss of surface area at high temperatures.” "

On the other hand, the effects of aliovalent addition to ceria
have been thoroughly investigated in light of increasing its ionic
conductivity by promoting the formation of oxygen vacan-
cies,'7? especially for IT-SOFC electrolyte and electrode
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applications.3 For low oxygen vacancy content its increase
promotes the increase of ionic conductivity. However, this
effect reaches a maximum after which the formation of
additional oxygen vacancies leads to a drop in conductivity.
This feature has been assigned to the increasing effect of
defect—defect interactions.*"*

The material with composition CeyoZr;;0, has excellent
redox and catalytic properties and exhibits morphological and
phase stability in the IT-SOFC regime.”'>'® However, the
addition of a lower valence cation to this system is expected to
allow for the incorporation of additional defects.

In order to establish the effects of the addition of trivalent RE
to CeO,, the system CeO,—Sc,0; (0.05-3 mol % Sc-
substituted Ce) has been studied by Gerhardt et al.'' These
authors compared the ionic conductivities obtained for the
studied CeO,—Sc,0; system with those corresponding to other
RE additions such as Gd**, La*', and Y**. They concluded that
the lowest ionic conductivities are obtained for Sc-containing
materials. This effect was explained as a consequence of the
higher dopant-vacancy binding energies for Sc-containing
materials as compared to those of other trivalent substituents
in the low and intermediate temperature regime. As a matter of
fact, in this regime, thermodynamic effects strongly limit the
equilibrium number of free and associated defects. In this
regard, Kilner et al.'® showed that this dopant-vacancy
association can persist up to the high temperature regime, in
which vacancies are expected to be “free” in the case of Sc-
containing materials.

However, research in the area of Sc-doped ceria is quite
scarce. This is mainly due to the low solubility limit of Sc in the
Ce-lattice which has impeded the synthesis of a wide range of
substituent concentrations. The main reason for this is the large
difference in ionic radii of Sc** (0.87 A) and Ce** (0.97 A)."”
Furthermore, the low solubility of Sc,O; has also been related
to the strong association energy to vacancies, which can
encourage clustering of Sc** and vacancies leading to phase
segregation.18

Grover et al.'’ studied a series of CeO,—Sc,0; samples
prepared by solid state reaction with the following
compositions: Ce; ,Sc,0, ./, with x ranging from 0 to 1.
They reported a very small amount of Sc** incorporated to the
CeO, lattice due to a slight decrease in the lattice parameter
with respect to pure ceria. In fact, all Ce—Sc compositions
synthesized exhibited phase segregation. On the other hand,
Moure et al.”’ prepared 8 at. % Sc and 18 at. % Sc doped CeO,
by chemical, mechanochemical, and solid state reaction routes.
In this work, the fresh samples exhibited phase segregation,
which was considerably reduced with several hours of powder
milling. However, small traces of Sc,O; could still be detected
in XRD patterns. Finally, Lee et al.*' synthesized a series of
Ce0,—Sc,0; samples with nominal compositions of
Ce,_,Sc,0,_5 with » = 0.01, 0.03, 0.07, 0.1, and 0.2 by a
polymerized complex method. They reported phase segregation
for 20 at. % Sc composition. Nonetheless, lattice parameters
obtained for the remaining compositions did not exhibit a linear
decay with dopant concentration, indicating there might be
some Sc-rich secondary phase. In all reported cases, lattice
parameters are significantly higher than the theoretical ones for
a Sc,0;—CeO, solid solution, in contrast with those
corresponding to other RE-ceria doped solid solutions.”

Co-substitution became an intensely investigated strategy in
the past few years to increase ionic conductivity in ceria-doped
materials.”> In early reports, the main objective has been to

reproduce the ideal ionic radius proposed by Kim et al.’ that
would minimize lattice strains due to contraction/expansion,
what is expected to enhance ion conductivity. In more recent
publications the strategy has shifted to finding the ionic radius
that minimizes oxygen vacancy ordering, one of the
mechanisms responsible for the drop in conductivity in ionic
conductors.”>** However, recent evidence disprove the
existence of synergistic effects in ionic radius optimization for
increasing ionic conductivity. In fact, an average conductivity of
the single-doped materials is obtained.””

In this work we intend to pursuit another codoping strategy
which is to combine the enhanced thermal stability provided by
the ZrO, with an increase in vacancy concentration through Sc
addition. We aim to analyze the effects of the combined
additions of Sc,0; and ZrO, in the Ce-rich region of the phase
diagram on structural, morphological, and, especially, redox
properties of the substituted lattice. We expect that vacancy
generation through aliovalent substitution will improve the
oxygen release capacity of the material. Therefore, in situ X-ray
absorption experiments were performed using a synchrotron
source to assess the reducibility of the samples in reducing
atmospheres. It is worth mentioning that no previous reports
on this ternary system were published in the literature. A soft
chemical route that enabled nanometric-sized powder synthesis,
such as the citrate complexation method, was selected to
increase Sc solubility in the Ce lattice.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Synthesis of Ce—Zr—Sc
Nanopowders. The Ce,,Sc,Zry,_,0,_5 (x = 0, 0.02, 0.04,
0.06, 0.08, and 0.1) mixed oxides were synthesized from nitrate
precursors by complexing the metal cations with citrate ions.
Cerium nitate (Alfa Aesar, 99.5%), zirconyl nitrate (Sigma-
Aldrich, 99%), and scandium nitrate (Standford Materials,
99.99%) were employed as precursors.

Nitrates were dissolved in distilled water and stirred for 4 h.
Afterward, citric acid (C4HgO,-H,O, Merck, 99.5%) was added
to the solution with a molar ratio of metal cations to citric acid
of 1:1 in all cases. The mixture was then stirred for 2.5 h in
order to dissolve all precursors at room temperature.
Evaporation of water took place for 17 h at 90 °C. First a
transparent gel was obtained and then, after removing excess
water, a yellowish powder was formed. Temperature was then
increased up to 140 °C, at which point the decomposition of
the precursors took place and nitrogen oxides were removed,
giving rise to a powder mixed with carbonaceous residues.
Finally, the remnant powder and ashes were calcined at 500 °C
in static air for 2 h following a 10 °C/min heating rate.

2.2. Scanning Electron Microscopy. Scanning electron
microscopy (SEM) experiments were carried out to assess the
morphology of the synthesized samples. SEM images were
obtained with a Zeiss Electron Beam SEM-Supra 40. The
powdered samples were placed over an adhesive carbon-filled
conductive tape to avoid charging problems.

2.3. Isothermal Nitrogen Physisorption. Textural
characterization associated with porosity was performed by
means of nitrogen adsorption—desorption isotherms obtained
at 77 K. The experiments were carried out in a Quantachrome
Corporation Autosorb-1 equipment. Samples were previously
degassed with He at 50 °C for 12 h under vacuum conditions.
Specific surface area was calculated by means of the five point
Brunauer—Emmett—Teller (BET) method with the adsorption
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points of the isotherm in the following relative pressure range:
0.05-0.3S.

Average particle size was estimated using the following
expression Dgpr = 6p 'Sypr™!, where p is the theoretical
density of the sample obtained from X-ray powder diffraction
(XPD) patterns after Rietveld refinements and Sypr is the
specific surface area. Particles are assumed to be spherical for
this calculation.

2.4. Small-Angle X-ray Scattering. The porous structure
was also analyzed by means of the small-angle X-ray scattering
(SAXS) technique with a Bruker NanoStar equipment with a
2D Vantec Hi-Star detector coupled with a Cu Ka (4 =
0.154 18 nm) X-ray source. This camera has a microfocus
Genix 3D system (source + focusing mirrors) and two
scaterless slits sets for collimation. Operating conditions were
of 50 kV and 0.6 mA with a sample-to-detector distance of
0.667 m. Exposure time to radiation was of 1800 s in a vacuum
chamber.

Powder samples were tested in a cell enclosed between two
thin mica windows. SAXS intensity curves were determined as a
function of the modulus of the scattering vector [q = (47/4) sin
0], being 0 half the scattering angle and A the X-ray wavelength
used in the experiments. Parasitic scattering due to air and slit
was subtracted, and a spatial correction was performed due to
the 2D detector plate. The resultant scattering curves were
corrected to account for sample absorption. No mathematical
desmearing processing was applied to SAXS curves due to small
beam cross section and pixel size.

The software GNOM*>*° was used to analyze the
experimental curves. The volume-weighed pore radius dis-
tribution was determined by assuming a two-electron density
model composed of a homogeneous matrix in which a diluted
set of polydisperse spheres are embedded.

2.5. X-ray Powder Diffraction. The crystallographic
structure was studied by means of X-ray powder diffraction
(XPD), using a Bruker Discover DaVinci D8 diffractometer
operated with Cu Ko radiation at 40 kV and 30 mA and a Ni
filter in Bragg—Brentano configuration. Experimental data were
collected in the angular 26 range of 20°—100° with a step size
of 0.02° and a time per step of 5 s. Rietveld refinements were
conducted by using the Fullprof Suite Software.”” In all
refinements the fluorite structure was fitted: Fm3m space group,
with Ce*, Zr*", and Sc** cations in 4a positions and O~ anions
in 8c positions. The occupation factors of Ce, Zr, and Sc were
set, at the beginning of the refinement, to be equal to the
nominal amounts of the cations in each sample. In all cases,
after refinement the occupation factors remained invariant, thus
indicating that these values were adequately a priori selected
Oxygen stoichiometry was fixed during the refinements to the
theoretical amount of oxygen in the lattice that corresponds to
the amount of aliovalent cation (Sc**) incorporated into the
CeO,—ZrO, lattice in each sample.

The peak shape was simulated using a pseudo-Voigt function,
and the background of each profile was fitted using a six-
coefficient polynomial function. Isotropic atomic temperature
parameters were used. The results of these refinements led to
the determination of lattice parameters and associated densities.

The average crystallite size was estimated using the Scherrer
equation: Dypp, = 0.9 1/f cos (), where Dypp, is the crystallite
size, 4 is de Cu Ka radiation wavelength (0.154 18 nm), 6 is the
Bragg peak angular position, and f is the corrected peak width
at half-maximum intensity. Peak width was corrected using the
following formula: # = B, — B, where f is the measured width

for the (111) peak of each sample and f is the instrumental
broadening determined with a Si standard.

2.6. Temperature-Programmed Reduction (TPR) Ex-
periments. TPR experiments were performed in a Micro-
meritics Chemisorb 2720 equipment in order to study the
reducibility of the samples. TPR runs went from ambient
temperature up to 800 °C with a heating ramp of 10 °C min™"
in a flow of 5 mol % H, in Ar (50 cm® (STP) min™"). Samples
were pretreated before each measurement in order to eliminate
any species that might have been adsorbed on the solid surface.
Degassing was performed for 1 h in pure He flow at 300 °C
with heating and cooling rates of 10 °C min~". The equipment
determines the H, uptake with a thermal conductivity detector
(TCD) previously calibrated.

However, the amount of reducible species in the samples
does not exceed 37 wt % due to the reduction reaction
stoichiometry, and therefore the signal-to-noise ratio in the
yielded intensity was not good enough to quantify the degree of
reduction with the generally recommended amounts of
sample.”® As a consequence, to enhance signal-to-noise ratio
in TPR profiles, a sample mass of 80 mg was used in each test
and the profiles were analyzed for comparative purposes.
Therefore, in order to obtain the degree of reduction of the
samples quantitatively, in situ XANES experiments described in
the next section were performed.

2.7. In Situ XANES/TPR Experiments. In situ X-ray
absorption near-edge structure (XANES) spectra associated
with TPR characterization were measured in the Ce Ly-edge at
the DO6A-DXAS dispersive beamline of the National
Synchrotron Light Laboratory (LNLS), Campinas, Brazil
(Proposal: XAFS1-15329). A Si (111) monochromator was
used altogether with a CCD detector to collect the absorption
spectra in transmission mode. Self-supporting discs were
prepared by mixing the sample powder with boron nitride,
which has no significant absorption in the measured energy
ranges. The sample mass in the discs was calculated in order to
obtain a total absorption ratio of 1.5. In the experiments 12 mg
of powdered sample and 73 mg of boron nitride were used.

The discs to be studied were located in a sample holder, with
a thermocouple attached to it, inside a furnace with
temperature control. The sample holder was placed in a quartz
reactor with inlet and outlet gas lines. Inlet gas composition was
set with a gas-mixing station provided with mass flow
controllers and exit composition was assessed with a Pfeiffer
Omnistar mass spectrometer. In situ TPR experiments were
carried out by heating the sample in a $S mol % H, (He balance)
flow with a heating rate of 10 °C.min™" up to 800 °C in order
to emulate conventional laboratory TPR test conditions.

Data analysis was performed by means of the software
Athena included in the IFEFFIT software package (Version
1.2.11).*” A linear combination fitting of standard spectra was
carried out in order to assess the fractions of reduced and
oxidized species in the samples during the course of the
experiments. Before proceeding with the linear combination
fitting, background subtraction and spectrum normalization was
carried out. The fittings were performed using a linear
combination of the spectrum of Ce(NO;);, as a Ce(Ill)
standard, and the initial spectrum of each sample. It is
important to mention that by following this procedure we
obtain the degree of reduction achieved and not the absolute
Ce(III) content.
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Figure 1. SEM micrographs for samples: (a, b) CegoZr,,0, and (c, d) CeyoZr04Sco060107 fired at S00 °C.

3. EXPERIMENTAL RESULTS

3.1. Powder Morphology. SEM images with different
magnifications of CeygZry;0, and Ce(¢Zr0,S¢060;.97 samples
are shown in Figure 1. In Figures la and lc the overall
morphology can be observed which consists mainly of large
thin flakes. In Figures 1b and 1d, with a higher magnification,
small grains in the nanometric domain are observed as parts of
the walls of platy particles.

All samples exhibited similar morphology with no significant
differences. This shows that the employed synthesis method is
reproducible and that the partial and total substitution of 10 at.
% Zr with Sc does not produce significant changes in sample
morphology.

3.2. Porosity Characterization Studied by N, Phys-
isorption. The results of textural characterization including
nitrogen adsorption and desorption isotherm branches are
plotted in Figure 2. For clarity a limited number of isotherms
are depicted, the others being very similar to those exhibited in
Figure 2. The curves plotted in Figure 2 display a type H3
hysteresis loop according to IUPAC classification.”’ This
hysteresis loop is characteristic of aggregates of platelike
particles with delayed capillary condensation. The main feature
in this loop is that it does not close until the equilibrium
pressure is near or at the saturation pressure. In addition to this,
the isotherms obtained also present a very narrow range of
relative pressure before the characteristic linear zone of the
adsorption branch, indicating low adsorption in the micropore
range.

Results from the analysis of the isotherms are presented in
Table 1. BET specific surface values are highest for samples
CegoZro065¢0040105 and CeggSc Oygs (56 and 57 m’ g7,
respectively) and lowest for sample CegoZr(05Sco02O1.90 (38
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Figure 2. N, adsorption—desorption isotherms at 77 K for samples
Ceg9Zr,10,, CeggZro,065¢00401.98 and CeggSco10) 5.

Table 1. Textural Characterization Results from N,-
Physisorption Isotherms

BET surface total pore vol  av pore width
sample area (m?/g) (cm®/g) BJH (nm)
CeooZto,0, s1 0211 16.6
Ce9Zr0085¢00201.99 38 0.201 21.4
Ce9Zr,065¢0.0401.98 56 0.200 14.3
Ce9Zr0045¢0.0601.97 42 0.189 18.1
Ce9Zro,025¢0.0801.96 44 0212 19.2
Ce9S¢10, 95 57 0.234 16.3
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m”g™"). Adding Sc to the Ce—Zr system slightly diminishes
total pore volume for samples with Sc contents up to 6 at. %
and then increases for samples with higher Sc concentrations
(CepoZrg2Sco0s0106 and CegoScoOyo5). The t-plot method
results (not presented in the table) showed a negative y-
intercept in the volume vs t-plot curve. This altogether with the
isotherm shape, low C values obtained in BET analysis (23 < C
< 41), and external surface area similar to BET area indicates no
significant contribution of micropores to total pore volume.”"

Pore size distributions calculated by means of the BJH model
with the desorption branch of the isotherms are presented in
Figure 3. All samples present broad size distributions in the
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Figure 3. Pore size distribution of all samples calculated applying BJH
model to the desorption branch of N,-physisorption isotherms.

mesopore region (2—50 nm) with a maximum at ca. 4 nm.
Average pore widths presented in Table 1 are well correlated
with specific surface areas, being narrower for samples with
higher BET areas such as Ce¢Zrg¢sS¢040;190s and
CepScy 0,95 with an average pore width of 14.3 and 16.3
nm, respectively.

Figure 4 exhibits the pore size distributions calculated with
the BJH model for both adsorption and desorption branches of
the isotherm obtained for sample CegZrj 04S¢y 050197
Analogous results were obtained with the other compositions.

0.10
0084 Desorption

Adsorption

10 100
Pore Size (nm)

Figure 4. Pore size distribution calculated applying BJH model to
adsorption and desorption branches of N,-physisorption isotherm of
the Ceg9Zr04S¢0,0601.97 sample.

Results are slightly different for the adsorption branch if
compared to the desorption one, since the distribution is
broader and starts at pores with lower average width.

The fact that adsorption and desorption branches presented
actual pore size distributions implies that the peak maximum
obtained with the BJH model is not a result of the tensile
strength effect but rather a proof of real pore size distribution.*”
However, the visible differences can be attributed to the
delayed capillary condensation, characteristic of type H3
hysteresis loops. In fact, as the isotherm does not exhibit a
plateau at high P/P, values, mesopore volume cannot be
reliably assessed by the BJH method. Therefore, to gain further
insight into pore volume distribution, additional experiments
were carried out by means of SAXS technique, and the results
are presented in the next section.

3.3. Porosity Characterization Studied by SAXS. In
order to gain further insight into pore size distribution, SAXS
measurements were performed. Experimental SAXS intensity
curves as functions of the modulus of the scattering vector,
I(q), corresponding to all studied samples are plotted in Figure
5.

5 10 15 20 5
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3
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Figure 5. Small-angle X-ray scattering (SAXS) experimental curves
(symbols) in log—log scale and GNOM fitting results (solid lines).
Inset: volume-weighted pore size distribution derived from GNOM
analysis.

The experimental SAXS curves were analyzed by using
GNOM software”*° assuming that the system can be well
described as a dilute and polydisperse set of spherical pores.
Figure S exhibits together the experimental SAXS curves
(symbols) and the modeled curves (solid lines) derived from
GNOM output. The volume weighted pore radius distributions
V(R), also derived from GNOM, are shown in an inset.

We can notice in Figure 5 that the modeled SAXS curves are
in good agreement with the experimental SAXS curves, thus
suggesting that the proposed pore model describes suitably the
relevant features of pore structure.

The volume distribution functions, V(R), derived from
GNOM and displayed in the inset of Figure S indicate for all
samples the presence of a main pore mode centered at circa R =
3.0 nm and a very wide distribution of larger pores. The main
mode has been assigned to the presence of small pores located
inside the powder particles and the wide distribution of larger
pores to those located between particles. The main mode of
small pores and the wide distribution of larger pores are named
as intraparticle pores and interparticle pores, respectively. As it
will be shown in the next section, the particles of the powder
samples are composed of crystallites with an average size of 5.0
nm circa. Thus, the main pore mode centered at 3.0 nm
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Table 2. Lattice Parameter and Rietveld Refinement Results, Average Crystallite Size (Dxpp), Particle Size (Dgpr), and Degree

of Agglomeration (D) for All Synthesized Samples

sample lattice parameter (A) b R, R,,
CeosZro,0, 5.388(2) 127 466 527
CesZt0 058600201 90 5.385(4) 153 373 421
CeosZr0065¢0040 1 95 5.384(8) 137 393 407
CeosZt00sS<0601 97 5.383(5) 146 368 417
Ce5Zty28¢050 1 96 5.381(8) 126 495 564
Ces5¢0101 05 5.385(2) 147 375 427

Rep PTHEO (kg/ ma) Dggr” (nm) DXRDb (nm) D = Dggr/Dxrp
4.67 7103 16.6 7.0 2.4
3.40 7068 154 6.1 2.5
348 7024 152 6.1 2.5
3.45 6983 20.5 5.9 3.5
5.03 6943 19.5 5.8 34
3.52 6884 152 5.8 2.6

“Calculated from specific surface area. “Calculated using Scherrer equation with peak (111).

(intraparticle pores) is reasonably expected for agglomerated S
nm sized crystals.

The conclusion related to the presences of a main mode
associated with intraparticle pores at circa R = 3.0 nm and a
wide distribution of larger interparticle pores derived from
SAXS results is consistent with the results corresponding to N,-
physisorption isotherms displayed in Figure 3, in which a
narrow mode of small pores and a wide distribution of larger
pores are apparent. This result is also consistent with those
reported in Table 2 in which the degrees of agglomeration (D)
are in all cases higher than 1.

Thus, the results derived from SAXS and N,-physisorption
isotherms together with those derived from XRD measure-
ments indicate, all of them, that small nanometric crystallites
agglomerate and form particle aggregates of larger sizes.

3.4. Crystallographic Characterization. XRD profiles
corresponding to all studied samples are plotted in Figure 6.

111)

Ce09270.025%0,0801.96

Ce0.9270.045C0,06C1.97

Ce0.9270.065C0.0401.98
Ceg 92r0.085C0.0201.99

Ce0.92r0.102

Intensity (a. u.)

20 30 40 50 60 70 80 90 100
20 (%)

Figure 6. XRD patterns of samples synthesized by citrate route after
firing at 500 °C.

Peak assignments revealed that all samples exhibit a cubic
fluorite-type structure, i.e., the same as that of cerium dioxide.
The observed very broad Bragg peaks indicate that the studied
powders are composed of small crystallites with sizes within the
nanometric range. Furthermore, the peaks are symmetric,
suggesting that the samples are homogeneous in composition.
No other Bragg peaks were detected, this finding suggesting the
absence of any other minor crystalline species.

The average crystallite sizes of all samples are reported in
Table 2. We can notice a slight difference in this value when
sample CeyoZr,,0, is partially or totally substituted with Sc,
whereas no significant difference is observed for samples with
different Sc content. The degree of agglomeration (D = Dggr/
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Dyrp) reported in Table 2, in all cases, exceeds unity. These
results are in qualitative agreement with SEM images, which
show that small crystallites are agglomerated in the walls of
flake-like particles.

Rietveld refinement results are summarized in Table 2 and in
Figure 7. In Figure 7 the lattice parameter is plotted against

Zr content (at. %)

10 8 6 4 2 0
5.390 T T T T T
1 = Rietveld lattice parameter
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Figure 7. Lattice parameters of CeqyZr(g;_y)Sc,O,_; determined by
Rietveld refinements as a function of Sc and Zr atomic contents
(symbols) and expected values derived from Kim theory (solid line).’

scandium atomic content, which exhibits a linear decrease with
additive content up to 8 at. % Sc and a higher than expected
increase for CeyoScy;0;9s sample. Kim et al.” proposed an
empirical equation that estimates the lattice parameter for
substituted ceria powders as a function of dopant concen-
tration. This prediction is plotted in Figure 7 altogether with
the experimental results. The slope of the linear trend of lattice
parameter versus substituted atom concentration predicted by
Kim is in very good agreement with the slope of the refined
values for all samples except for CeoScy ;0,95 sample. This
suggests that up to 8 at. % Sc the cations are fully incorporated
into de Ce lattice. The reason why the predicted values are
lower than the measured ones might be related to the fact that
Kim obtained the empirical correlation for micrometer-sized
powders, while the samples here presented are nanometric.

On the other hand, the fact that the linear trend in the lattice
parameter vs substituted cation concentration plot is disrupted
for CeygScy 0,95 sample could imply that Sc was not fully
incorporated into the lattice. Although XRD patterns show no
evidence of phase segregation, small clusters of Sc,0; with
limited long-range ordering might have been formed resulting
in no reflections for the secondary phase.
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In order to estimate the amount of Sc that was effectively
incorporated into the lattice in sample CejoScy 095, a
calculation was performed by means of Kim’s empirical
formulation. To do so, the theoretical y-intercept in the lattice
parameter vs Sc content plot from Kim’s formulation was
transformed to the experimental value obtained for Ce(oZr,;O,
sample (0 at. % Sc), while maintaining the predicted slope. This
correction was performed in order to account for the difference
in the lattice parameter of pure microcrystalline ceria
considered by Kim compared to the value of nanosized ceria.
Once this correction was completed, the effective amount of Sc
incorporated which could yield the experimental lattice
parameter obtained was estimated to be 8.5 + 02 at. %.
Therefore, in the case of Cey¢Scy 0,5, an additional amount
of Sc was incorporated when compared to sample
Ceg9Zry0,5¢00801.96 leading to a slight expansion in the lattice
parameter due to the absence of Zr in the lattice.

It is interesting to notice that available literature for CeO,—
Sc,0; system acknowledges a very low solubility limit for Sc**
in the CeO, lattice. Gerhardt et al."! reported a maximum 3 at.
% Sc solubility for samples prepared by a coprecipitation
method with a sintering temperature of 1500 °C. On the other
hand, Grover et al."” studied Ce;_,Sc,0,_,/, samples with x >
0.1 by solid state reaction and further sintering at T > 1200 °C,
and even for the lowest Sc-containing sample, traces of Sc,0;
could still be detected by XRD. Moure et al.”’ studied 8 and 18
at. % Sc doped ceria synthesized by several methods, and in all
cases, the as-synthesized samples exhibited Sc,0; segregation.
In their work, Sc incorporation to the lattice was enhanced by
means of milling the powders for several hours which reduced
the crystallite size from 91 to 13 nm.

Burbano et al.”” studied the effect of ceria codoping with
several rare earth elements by means of computer simulations
and compared predicted lattice parameters with experimental
results reported in the literature. These authors calculated the
lattice parameter as a function of ionic radius. All RE-ceria
experimental points taken from literature data matched very
well their predictions, except for the Sc-substituted ceria
(CepoSco1015) values.”” All experimental values reported for
this sample were well above the theoretical lattice parameter of
ca. 5.378 A, while in our work, the measured lattice parameter
for the same sample composition was of 5.385(2) A, which is
quite close to that value and, by far, the closest reported in the
literature. Grover et al.'” reported a lattice parameter a
5.403(1) A while Moure et al.”’ a = 5.41(3) A, both very close
to that of pure microcrystalline ceria.

We emphasize that the samples studied in our investigation
were prepared by the citrate complexation synthesis route and
calcined at mild temperatures (T, = S00 °C). This enabled us
to obtain powders with crystallite sizes as small as 6 nm circa
with no evidence of phase segregation and with a wider range of
Sc solubility in the ceria lattice (up to 8 at. % Sc).

3.5. Temperature-Programmed Reduction. Ex Situ
Experiments. TPR profiles of all samples are shown in Figure
8. Two main features can be clearly distinguished in the
CegoZr,,0, TPR profile, namely, two reduction peaks at 546
and 733 °C. In the past, CeO, and Ce—Zr reduction profiles
have been widely studied in conventional laboratory TPR
experiments, and there is general consensus regarding the main
observed features in the reduction profile, which are usually
ascribed to the reduction of surface and bulk species.””**

In CeO, reduction, the initial step is attributed to the
reduction of surface species and is closely related, first, to the
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Figure 8. Temperature-programmed reduction (TPR) profiles
measured as the signal of a thermal conductivity detector (TCD).
The classical laboratory TPR experiments were carried out in S mol %
H,/Ar.

kinetics and thermodynamics of the reduction reaction and,
second, to morphological changes in the samples due to
sintering effects, which are triggered by the increasing
temperature and reducing atmospheres.’ In the second step,
in which reduction in the bulk takes place, oxygen diffusion
phenomena play a relevant role in defining the profiles that are
obtained.

In this regard, in Figure 8, although the TCD signal
corresponding to CeggZr,;O, sample exhibits two well-defined
peaks, which are attributed to surface and bulk reduction, the
second peak becomes less apparent for other compositions. In
fact, the intensity of the second peak diminishes with increasing
Sc compositions, thus establishing a clear tendency for the
whole set of samples. This occurs alongside with the shift in the
peak position ascribed to surface reduction toward lower
temperatures.

It is interesting to notice that all samples exhibit similar
morphology and surface areas, which implies that the
differences in the redox behavior cannot be attributed to
changes in these features but most certainly to the capacity of
exchanging oxygen from the lattice in a reducing atmosphere.
Therefore, in order to quantitatively assess the reduction extent
corresponding to each sample, further studies by means of in
situ XANES/TPR experiments were performed, and their
results will be reported in the next section.

3.6. In Situ XANES Measurements. In situ XANES
spectra were collected during TPR experiments at the Ce LIII-
edge. All samples were heated at 10 °C min~" in a reducing feed
flow of 5 mol % H,/He as detailed in the Experimental Section.
The reference spectra used to quantify the relative amount of
Ce*" and Ce’* species during linear combination fitting are
presented in Figure 9. In the case of Ce*', the initial spectrum
under ambient air for each sample was taken as a reference. In
Figure 9 two well-defined absorption peaks located close to the
absorption edge are apparent, which were attributed to
characteristic electronic transitions of Ce*" compounds, namely
2p3;, — (4f'L)Sd* and py,, — (4£°)5d* transitions.>

In the case of Ce** a Ce(NO;), sample was used to obtain a
reference spectrum of the reduced species. In this spectrum,
only one absorption peak near the absorption edge is apparent,
which was assigned to the 2p;, — (4f')Sd* electronic
transition corresponding to Ce*" compounds.

Several XANES spectra recorded for some of the studied
samples at selected temperatures during the TPR experiments
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Figure 9. Ce(IV) and Ce(IlI) standards plotted altogether with a
CeoZry02S¢00801.96 spectrum recorded at 697 °C. In the inset the
sample spectrum (squares) and the fitted curve (solid line) are plotted
in the energy range in which the fittings were performed which
correspond to the XANES region.

are depicted in Figure 10. At room temperature all samples are
oxidized thus exhibiting the two characteristic absorption peaks
with essentially the same maximum values, corresponding to
CeO,, while at the end of the experiments and maximum

temperature (T = 800 °C) in reducing atmosphere, samples
exhibit two absorption peaks with different relative maximum
values, thus indicating the presence of both Ce®" and Ce*'
species.

As an example, in Figure 9 both Ce(IV) and Ce(III) XANES
standards are plotted as functions of photon energy altogether
with an experimental spectrum recorded at 697 °C from sample
Cep9Zry02S¢o0s01.96- In the inset, the fitting result of the linear
combination is displayed, which is in good agreement with
experimental data within the relevant photon energy range
(absorption edge +20 eV). It should be mentioned that the
maximum error in the Ce* and Ce*' fractions calculated
through fitting was in all cases of 0.5%.

Results derived from in situ XANES/TPR profiles are
presented in Figure 11. The curves plotted in Figure 11 show
the degree of Ce reduction in the samples (@) as a function of
temperature. These values were calculated from XANES spectra
by the fitting procedure previously detailed in the Experimental
Section. In the first case, sample CeyoZr;;0, exhibited a
reduction profile with two clear steps. The first increasing step
ranges approximately from 0 to 30% reduction, and the second
increasing step reaches a final degree of reduction of 52.6%.
This two-step reduction profile is consistent with the results
obtained from conventional laboratory TPR experiments
reported in the previous section and can be ascribed,
accordingly, to the successive reduction of surface and bulk
ceria.
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Figure 10. In situ XANES spectra for different temperatures, on heating, under a S mol % H,/He atmosphere. Spectra corresponding to four
selected samples are displayed: (a) CeqoZro 05, (b) CeqoZrosS¢0040108 (¢) CeoZro04Sco 060197 and (d) CegoSco,; Oy s-
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Figure 11. Degree of reduction, @ (%), for increasing temperatures
derived from in situ XANES/TPR experiments in 5 mol % H,/He.
The sample compositions are indicated.

4. DISCUSSION

The kinetics of the reduction process corresponding to all
ternary compositions (Cey ¢Z1y 055¢0 0201 99,
Ce.9210.065¢0.0401.08) Ceg.9Zr9.045¢0.0601.97, and
Ce9Z1402SC00s0106) turned out to be clearly faster than that
of CeygZry,0, over most of the temperature range, especially
above 500 °C, where markedly higher reduction percentages
were obtained. In particular, reduction profiles for samples
Ce.9Z1r9.065¢0.0401.980 Ce.9Z1.045¢0.0601.97, and
Ceg9Zry0,5¢00301.95 Were shifted to lower temperatures when
compared to the CeyoZr;,0, profile, evidencing a noteworthy
enhancement in the oxygen release capacity of Sc-containing
samples. Finally, the reduction profile of CeygScy,0, exhibits
what seems to be a three-step reduction profile with the lowest
reduction values over all the temperature range.

A three-step reduction profile has been previously reported™
in conventional laboratory TPR experiments. The first feature
was ascribed to the reduction of surface species, while the
second and third features were attributed to the reduction of
bulk ceria. In fact, the third peak has been linked to the
reduction of species existing in associated defects.'> In the
results presented here, the profiles of Sc-containing samples
present a clear first reduction step followed by a less resolved
second step, indicating that bulk reduction might include more
than one reduction steps.

In fact, the second unresolved feature starts approximately
when more than 40% of Ce* species are present in
Ce.9210.065¢0.0401.95) Ceg.9Zr9,045¢0.0601.97, and
Ceg9Zry0,S¢)0801.96 samples and to a lower reduction extent
for Cey4Scy;0,. The third feature in the TPR profile becomes
more apparent for increasing Sc concentration, in agreement
with the hypothesis arguing that defect association contributes
to a third peak in the profile.

In the studied ternary system there are two competing
mechanisms that might explain the different reduction profiles,
namely (i) the influence of the formation of oxygen vacancies
due to the presence of reduced ceria and (ii) oxygen vacancy
formation due to the incorporation of trivalent cations (Sc**) to
the CeggZry,0, lattice.

In the first case, defect—defect interactions in reducing
environment are responsible for limiting oxygen diffusion in the
ceria bulk lattice. In this context Yuan et al."* studied the effect
of oxygen vacancy concentration in nonstoichiometric ceria
upon reduction, by means of molecular dynamics simulations
and reported a maximum in oxygen diffusivity vs vacancy

concentration. The enhancement is explained by long-range
vacancy—vacancy interactions along the (100) direction in the
crystal lattice.

In the second case, in which an aliovalent dopant is
incorporated, the dopant-defect interaction should be carefully
analyzed. At low temperatures, Coulomb forces promote the
association of Sc** and a vacancy to form incompletely
compensated pairs (ScVp)*.'” At temperatures high enough,
these pairs dissociate giving rise to ionic conductivity in the
“free vacancy regime”. The effective activation energy for ionic
conductivity (H,) has been defined as composed mainly by two
terms: H, = H, + H,, where H is the activation energy for
migration of a vacancy and H, is the association enthalpy of the
vacancy to the dopant in a pair.

Sc** attracted much interest as a dopant due to the high ionic
conductivity developed when incorporated in the ZrO, lattice.
Nonetheless, when incorporated into the CeO, lattice, very low
ionic conductivities were reported.'’ This effect was attributed
to the elastic energy involved in the association enthalpy, which
is larger when the size mismatch between dopant and host is
greater.13

As already mentioned, the ionic conductivity exhibits a
maximum as a function of concentration of doped CeO,. In the
low concentration range, conductivity increases due to the
fluctuating electrostatic field generated by the incompletely
compensated (ScV)* pairs and the remaining Sc’ in the lattice
which encourages the V** to migrate through the field.

However, in the high concentration range, the reason for the
decrease in ionic conductivity when trivalent dopants substitute
Ce in the lattice is the presence of oxygen vacancy traps
induced by two or more M*" ions in the nearest or next-nearest
sites.'” These clusters affect the mobility of vacancies as a
consequence of the increase in activation energy due to a higher
vacancy-trap binding energy. In particular, Sc exhibits the
highest binding energies in ceramics of trivalent rare-earth
doped ceria, thus showing that full association can persist even
at high temperatures (>600 °C). However, no studies of
codoping CeO, with both Sc** and Zr** have been performed.

Oxygen vacancies are added to nonstoichiometric
CepgZry 0, by partially reducing ceria. On the contrary, in
the other studied samples vacancy generation is attributed to
both effects: aliovalent doping and ceria reduction. Therefore,
as Sc content increases the amount of defects increases as well.
If we consider that for every two created Ce’*, one oxygen
vacancy is formed and we add up the vacancies associated with
every two incorporated by trivalent dopants (Sc**), the oxygen
nonstoichiometry can be estimated.

The different degrees of reduction derived from XANES
results for all studied samples are reported in Table 3 altogether
with the final degree of reduction at the end of the TPR
experiments at 800 °C. These results indicate that a maximum
in the final degree of reduction, a = 55.1%, occurs for 6 at. % Sc
of dopant concentration. This indicates that further increasing
Sc concentration would result in a decrease in the oxygen
release capacity in reducing atmospheres.

On the other hand, the amount of defects increases for
progressively higher oxygen nonstoichiometry, its value
increasing up to 8 at % Sc content because, although the
degree of reduction is lower than that of CeygZrj04S¢ 050197
the initial vacancies generated due to aliovalent doping is larger.
Finally, in Ce(oScy ;0,95 the amount of defects at the end of
the TPR experiment is reduced because this sample exhibits a
lower final degree of reduction.
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Table 3. Final Degree of Reduction (&) and Estimated
Oxygen Nonstoichiometry (§) before and after TPR
Experiments

a (%, oxygen NS (6, oxygen NS (6,

sample T =800°C) T=25°C)* T = 800 °C)”
CeyyZry,0, 52.6 0 0.237
Ce.9Zr0,0550.0201.99 S1.S 0.01 0.242
Ce9Zr,065¢0.0401.98 532 0.02 0.259
Ce9Zr,045¢0.0601.97 55.1 0.03 0.278
Ce9Zr,025¢0.0801.96 53.5 0.04 0.281
Ce95¢.101 95 43.3 0.05 0.245

“Estimated from nominal atomic composition at ambient air.
bEstimated from nominal atomic composition and degree of reduction
at the end of TPR experiments (T = 800 °C, S mol % H,/He
atmosphere).

Therefore, our results indicate that a higher initial oxygen
nonstoichiometry enhances sample reducibility up to 6 at. % Sc
doping; thus, further addition of defects is expected to enhance
defect—defect and dopant—defect interactions, which could
explain the delay in the overall reduction kinetics. However, in
order to achieve a deeper insight into this matter, additional
studies of the local environment of Sc** and Zr*" are required.

5. CONCLUSIONS

We have successfully incorporated Sc into the CeO,—ZrO,
lattice up to 8% at. Sc without any significant phase segregation.
This high solubility limit was reached in nanostructured
samples prepared by means of a soft chemical synthesis route
involving citrate complexation, which gave rise to porous
powders with crystallite sizes in the nanometer range. The high
solubility limit achieved exceeds by far those reported in the
literature for samples prepared by using other synthesis
procedures.

The main structural features of all studied homogeneous and
nanostructured CeO,—ZrO,—Sc,0; ternary materials were
characterized as functions of their composition, namely the
crystallographic aspects by XRD, the fine porosity by N,-
physisorption and SAXS, and the degree of reduction by in situ
XANES/TPR.

Finally, we have demonstrated that adding Sc** to the
Ce0,—ZrO, binary system leads to a ternary material with
enhanced reducibility, which becomes significantly higher than
that of both binary materials (Ce;4Scy ;0105 and CeygZry,0,).
This enhancement occurs over the whole temperature range
but is more pronounced over the temperature range from 550
up to 800 °C.
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