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Rare earth-doped ceria systems form one of the most thoroughly studied materials classes to be employed
as solid electrolytes in solid oxide cells. In order to unveil the structural details ruling the ionic conductivity
properties, the (Ce;_RE,)O,_,/» series with RE = (Ndg 3Dyo 37), (Ndo.74Tmg 26), and (Smg.e,Gdo 33), and x
ranging between 0.05 and 0.60, has been synthesized and characterized by means of synchrotron X-ray
powder diffraction and pair distribution function analyses. By coupling the mentioned techniques, the
whole spectrum of structural order and disorder characterizing these compounds at different length
scales was revealed and discussed in detail. With reference to the average scale, for x = 0.40 or 0.50,

R 4 14th N ber 2023 depending on the system, the Fm3m crystal structure of the CeO,-based solid solution is accompanied
eceive th November . 5 . . . . <
Accepted 15th February 2024 by defect aggregates with the /a3 structure growing within the ceria matrix. The local structure (r < 10 A),

in contrast, even at the lowest doping degree can be described as a disordered fluctuation between the

DOI: 10.1035/d3ta07027a average structures characterizing the Fm3m and /a3 phases, which explains the reduction in ionic
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Introduction

The oxygen diffusion coefficient is many orders of magnitude
greater in materials possessing extended defects; this feature is
obtained in CeO,-based oxides by a partial substitution of Ce**
with di- and tri-valent metallic ions. Such systems, character-
ized by an open atomic arrangement, are able to convey oxygen
ions through their structure, taking advantage of the oxygen
vacancies created by the partial replacement of Ce** by ions with
a lower valence. Among all the possible dopants, trivalent rare
earth ions (RE) have attracted a lot of attention, since they allow
(Ce;_xRE,)O,_y, systems to be obtained, which are character-
ized by a high ionic conductivity between 673 and 973 K, namely
ranging between 0.01 and 0.1 S cm ™' at temperatures close to
873 K,>* with the highest values occurring when RE = Gd, Sm.

RE-doped ceria systems are studied to be used as electrolytes
in solid oxide fuel and electrolysis cells working at intermediate
temperature (IT-SOFCs and IT-SOECs, respectively), to replace
the common Y,O;-stabilized ZrO, system,* which requires
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conductivity observed even within the stability range of the CeO,-based solid solution.

higher working temperatures to properly conduct oxygen ions.
Another advantage associated with (Ce; ,RE,)O,_,/, Systems is
their compatibility with the highly performing perovskite-based
air electrodes, such as (La;_,Sr,)(Co;_,Fe;)O;_;° which is
a mixed ionic-electronic conductor considered as a state-of-the-
art material. As electrodes need both ionic and electronic
conductivity, doped ceria can also be mixed with the cited
perovskites, obtaining air electrodes with enhanced ionic
conductivity: these composites can be synthesized through
different techniques, such as co-electrospinning® or
infiltration.”

However, factors ruling ionic conductivity in doped ceria are
quite complex. In general, a high ionic conductivity is observed
as long as, despite doping, the fluorite-like cubic structure
(named F, belonging to the Fm3m space group) of pure ceria is
retained. This situation is observed up to a certain composi-
tional threshold, called x,a for x > x., different scenarios
appear, mainly depending on the RE nature. When Ce*" and
RE®" are close in size, the so-called hybrid phase (H) is observed:
it can be described as an intimate intergrowth between the F
and the C phases, where C indicates the typical cubic structure
of the smallest RE,O3, belonging to the Ia3 space group.*®
Conversely, the occurrence of a biphasic F + C field is observed
for x > Xpax, When the size mismatch between Ce*" and RE*" is
larger (such as in the case of Lu-doped ceria).*®

Interestingly, both the C and the H phase are characterized
by a much lower ionic conductivity than F. In H the presence of
C nanodomains growing within the F matrix was detected even

This journal is © The Royal Society of Chemistry 2024
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at a very low dopant amount (x < X,,) by means of different
methods, such as Raman spectroscopy,”'® high pressure X-ray
diffraction,"™ or local techniques, like transmission electron
microscopy (TEM)™ and pair distribution function analysis
(PDF).* In particular, the PDF technique has been extensively
used to explore the local structure of doped ceria in many singly
doped systems,**** providing interesting details on the onset of
the structural deformation leading to the occurrence of the C
phase, to be coupled with the information deriving from the
analysis at the average scale.

Based on atomistic simulations, several different configura-
tions have been invoked to describe the possible arrangements
of the C defect aggregates and their effect on ionic
conductivity.”*** Among these, the ones characterized by the
highest binding energies, thus the most effective in blocking
the vacancy movement, are those involving the vacancy in the
nearest neighbour (NN) position with respect to either one or
two RE ions, giving rise to 1V;;2RE'c. neutral trimers and
1V2RE ¢ positively charged dimers, respectively. When the
vacancy is located in the next nearest neighbour (NNN) position,
the blocking effect is weaker. Taking into account just the
defects with the vacancy in the NN position, due to their rele-
vance in reducing the ionic conductivity, it can be inferred that
the stability of 1V'C;2RE’Ce trimers and 1V'c')2RE’ce dimers is
strongly dependent on temperature due to their different
configurational entropies. Since C clusters exert a blocking
effect on the movement of oxygen vacancies, their occurrence
explains why the maximum ionic conductivity is not observed at
Xmax, the doping amount that should correspond to the
maximum concentration of oxygen vacancies in F, but at
significantly lower x values.

In the last few years, attention towards co-doped ceria,
namely systems in which two or more doping ions are simul-
taneously used, has considerably grown due to the generally
improved ionic conductivity properties with respect to singly-
doped systems. Within this framework, La/Sm-,** Ca/Sm-,*’
Sm/Nd-,** Nd/Gd-,** La/Dy-** Gd/Sm/La-** and Sm/Pr/Nd-**
doped ceria, and many other systems were investigated. None-
theless, the effectiveness of co-doping was questioned by
molecular dynamics simulations; in fact, the increased ionic
conductivity was described as an average of the conductivities of
singly doped materials.*

In this work, the structural deformations taking place at the
local scale in three doubly doped ceria systems are studied
through PDF. The couples of RE ions (RE = Nd/Tm, Nd/Dy and
Gd/Sm) were selected relying on the results of studies previously
performed by the research group:**~*” the Nd/Tm and the Nd/Dy
proportions were selected so as to reproduce the ionic size of
Sm** with coordination number 8 (1.079 A),* namely one of the
most effective dopants for ceria; the Gd/Sm system was chosen
as it contained a mixture of the best doping ions in terms of
ionic conductivity, namely Gd*" and Sm*".

To the authors' knowledge, the present work is the first
attempt to unravel the complex scenario characterizing the
short-range structural properties in co-doped ceria by PDF
analysis. In particular, it is found that Ce** and RE*" ions tend
to retain their respective structural environment in the
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inspected (Ce; ,RE,)O,_,,» compounds, thus producing a fluc-
tuation between the local structures observed in CeO, and
RE,0; compounds.

Experimental

Three different series of samples with nominal composition
(Ceq_xRE,)O,_,, were prepared and labelled as follows:

ND series: with RE = (Nd, 63Dy 37) and x = 0.05, 0.10, 0.15,
0.20, 0.30, 0.40, 0.50, 0.60;

NT series: with RE = (Nd, 74Tmy »6) and x = 0.05, 0.10, 0.15,
0.20, 0.30, 0.40, 0.50, 0.60;

SG series: with RE = (Sm, ,Gd, 33) and x = 0.10, 0.20, 0.30,
0.40, 0.50, 0.60.

In general, the most investigated compositions of doped
ceria are characterized by x < 0.30, as the maximum ionic
conductivity is generally observed for 0.10 = x = 0.20,
depending on the doping ion. However, since this study aims to
clarify the complex structural changes occurring in the chosen
systems with increasing the dopant amount, considering
a wider compositional range can be helpful.

Samples belonging to the Ce; ,(Ndy74Tmg 26)xO2 2, the
Ce1_x(Ndo.63DY0.37)x02—x12, and the Ce;_(Gdo.675Mp 33)x02—x/2
systems were synthesized through a well-established co-
precipitation method, which provides highly homogeneous
polycrystalline samples.’®® For each composition, stoichio-
metric amounts of metallic Ce (Johnson Matthey ALPHA,
99.99% wt) and the desired trivalent rare earth oxides (Gd,O3
and Nd,O; by Alfa Aesar, 99.99 wt%; Tm,O; by Mateck, 99.99%;
Sm,0; and Dy,0; by Sigma-Aldrich, 99.9%) were separately
dissolved in HCI (13% v/v). This way, three different rare earth
ion solutions were prepared for each composition, and subse-
quently mixed; then, a further solution of oxalic acid was added
to each solution of mixed ions, inducing the precipitation of the
corresponding mixed oxalate. Oxalate powders were then
filtered, rinsed with milli-Q water to reach pH = 7, and dried at
363 K in an oven in air for one day. Oxalates were thermally
treated at 1373 K in air for four days, to obtain the corre-
sponding mixed oxides via the calcination process; the high
temperature is justified by the need for a high crystallinity
degree of samples.

Synchrotron X-ray elastic scattering data were collected at
room temperature at the ID22 beamline of the European
Synchrotron Radiation Facility (ESRF-Grenoble, France)*® using
a wavelength A = 0.3543 A.** X-ray powder diffraction (XRPD)
data collected in the 1.2-8.7 A™* Q-range were used for struc-
tural refinements. These refinements were carried out accord-
ing to the Rietveld method** using the FullProf program;* in
particular, a file describing the instrumental resolution func-
tion (obtained by using LaBg as a standard) and a Thompson-
Cox-Hastings pseudo-Voigt convoluted with axial divergence
asymmetry function were used during calculations. In the
structural model the cationic site occupations were fixed to the
nominal compositions. In the final cycle, the following param-
eters were refined: the scale factor; the zero point of the
detector; the background; the unit cell parameters; the atomic
site coordinates not constrained by symmetry; the isotropic
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displacement parameters. Parameters defining line profiles
provide information on the size of diffracting domains and on
structural deformation (microstrain); to this end, also the
anisotropic strain and the Lorentzian isotropic size parameters
were included in the refinement.

In order to gain information on the local structure, pair
distribution function (PDF) analysis** was carried out. Reduc-
tion of the total scattering data was achieved using PDFgetX3
software* with Q. = 30.7 A, a range sufficient for an accurate
analysis.*® In this way, the following functions were obtained:
the I(Q) function (the background-corrected diffraction inten-
sities), the total-scattering structure function S(Q) (with inten-
sities normalized by average scattering factors and corrected by
a polynomial fit), and the G(r) (the reduced PDF).*” Full-profile
fitting of the G(r) function was carried out using the PDFgui
software.*® Data from an empty borosilicate capillary were
collected to subtract the container scattering; moreover, LaBg
was analyzed under the same experimental conditions to
describe the experimental resolution effects. In the structural
model the cationic site occupations were fixed to the nominal
compositions. In the last cycle of the fitting, the following
parameters were refined: the scale factor; the unit-cell param-
eters; the atomic positions not constrained by symmetry; the
anisotropic atomic displacement parameters; the dynamic
correlation factor. Moreover, the parameters describing the
experimental resolution effects (Qgamp and Qproaa) Were fixed to
the values refined LaBs. PDF data fitting was carried out by
adopting different length scales, to unveil the evolution of the
structural properties as a function of distance.

The bond valence sum method (BVS) was applied to evaluate
the structural stability and identify the possible ionic conduc-
tion paths in the crystal structure. The BVS method empirically
correlates the ionic valence S and the bond length R separating
the ionic species i and j as follows:*

Ry — R;
Sij = exp (%)

where R, and B are parameters defined for each specific i-j
bond. In particular, the sum of the bond valences around
a specific ion should correspond to the atomic valence.

Results and discussion
Long-range structural description

CeO, crystallizes in the cubic system belonging to the Fm3m
space group type, adopting a CaF,-type structure. Ce atoms are
surrounded by 8 O atoms at the vertices of a cube, whereas O
atoms coordinate with 4 Ce atoms at the vertices of a regular
tetrahedron. The crystal structure can be thus described as
a network constituted of edge-sharing tetrahedra centred by Ce
atoms. When two Ce atoms lying along a body-diagonal are
removed, the interstitial derivative structure characterizing
RE,0; compounds (crystallizing in the cubic Ia3 space group;
RE = Gd-Lu) is obtained (Fig. 1). These two structures are
related by a complex group - subgroup relationship:

Fm3m i Pm3m 2, Pm3 i 1a3
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Fig.1 Comparison between the crystal structures of CeO, and Dy,Os.

where ¢ and k indicate the transformation type (¢ trans-
lationsgleich; k: klassengleich) and the adjacent number the
transformation index. According to this transformation chain,
the RE atoms at the 4a site in the Fm3m space group split into
the 8a and 24d sites in the Ia3 space group, whereas O atoms at
the 8c site should split into 48e and 16c sites. Nevertheless, the
16c¢ site is not occupied in the RE,O; structure, thus accounting
for O vacancies.

A thorough analysis of the long-range order occurring in RE-
doped ceria was already performed by synchrotron XRPD
analysis and described in several previous publications,** even
with particular regard to the three systems treated in this
work.**¢ Indeed, the XRPD analysis and Rietveld refinement
performed for the present study confirm previous investiga-
tions; details of the results are reported in the ESI Section.f
Therefore, hereinafter the main structural findings will only be
recalled, and just the previously unaddressed details will be
added, to pave the way for the description of the local structural
features, which are the focus of this work.

A single Fm3m phase is observed in XRPD data at a low
substitution degree; the Ia3 phase starts growing finely inter-
laced with the CeO,-based matrix from x = 0.40 in the GS
series,®® and from x = 0.50 in the NT** and ND** series.
Regarding the behaviour of lattice parameters, similarly to what
occurs in singly-doped ceria,® even in doubly-doped systems the
unit cell size almost linearly increases with x within the stability
range of the F-based structure (as illustrated in Fig. S3 in the ESI
Sectiont); however, as the substitution degree further increases,
reaching the composition where superstructure peaks appear,
the slope of the curves decreases. This behaviour can be related
to the progressive oxygen depletion taking place with the Ce**
substitution by RE*" ions, a phenomenon that has been exten-
sively discussed in prior studies.’

The isotropic displacement parameters (B;s,) at the oxygen and
RE crystallographic sites as a function of the average RE ionic
radius (RE) are shown in Fig. 2; the correspondence between (RE)
and composition can be found in Table S1 of the ESL{ An increase
in both crystallographic positions with substitution is evident, as
a consequence of the growing disorder at the cationic site, which
produces a fluctuation of the RE-O bond lengths, namely a static
structural disorder at the local scale. The inset shows the tensor
isosurfaces at selected compositions for the ND series (chosen as
representative), so depicting the evolution of the microstrain-like
broadening of the diffraction lines. In this case, microstrain-like
broadening originates from the fluctuation of interplanar

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Evolution of the isotropic displacement parameters (Biso) at
both oxygen and RE structural sites vs. the average RE ionic radius in all
the sample series; the inset shows tensor isosurfaces depicting the
evolution of the microstrain-like broadening of diffraction lines.

distances produced by the corresponding compositional fluctua-
tions, thus representing a measure of the local scale disordering.
It is evident that the shape of the tensor isosurfaces develops into
a spherical shape with increasing the substitution degree, thus
indicating a progressive isotropic disordering at the atomic scale,
as expected for the homogeneous distribution of RE elements
within the structure.

The analysis of the diffraction line broadening allows the
average diffraction domain size and shape to be evaluated.
Fig. 3 highlights that chemical substitution significantly
reduces the domain size, whereas diffraction domains are
characterized by a quite regular polyhedral shape (Fig. 3, inset,
depicts the average particle shape as evaluated after the
refinement of the anisotropic size parameters).
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Fig. 3 Evolution of the diffraction domain size as a function of (RE)
(only single-phase sample data are reported); the inset depicts the
average diffracting domain shape.
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Structural stability can be evaluated by applying the BVS
method**® and using the interatomic distances deriving from
the refined structural data obtained via the Rietveld method. In
the absence of structural strains determining the stretching or
compression of bonds, the difference between the calculated
BVS and the expected valence (Av) is generally <0.1 vu (vu:
valence unit); larger values of Av are thus indicative of strained
bonds that progressively destabilize the crystal structure.>
According to data reported in Fig. 4, for CeO, the result of the
BVS calculation agrees well with the expected value, while Av
measured at the RE-site progressively increases with the
chemical substitution. In particular, structural strain becomes
significant at x = 0.30, and it exceeds 0.2 vu for x = 0.40. Such
a Av should in principle lead to an instability of the crystal
structure, which is indeed confirmed by the occurrence of
superstructure peaks in the diffraction pattern, releasing the
stress accumulated by the structure as a consequence of the
introduction of foreign atoms. The Av value obtained from the
BVS calculation derives from the underlying idea of the occur-
rence of a single CeO,-based phase having the nominal
composition of the oxide. This scenario definitely does not
correspond to the real one, on account of the Ia3 phase dem-
ixing. In more detail, these very high values of Av suggest an
unequal distribution of cations between the F and the C phase,
with a higher Ce content in the former, and a higher RE content
in the latter. This evidence means that Ce preferentially
dissolves into the Fm3m structure, whereas the remaining RE
ions concentrate in the Ia3 phase, which confirms the crys-
tallochemistry evidence. This outcome is also in good agree-
ment with the atomistic simulations, predicting that with
decreasing the RE®" radius, the binding energy of defect
aggregates increases;* according to this result, smaller RE ions
are expected to enter mainly defect aggregates, while the CeO,-
based solid solution is enriched in Ce** with respect to the
nominal overall composition of the oxide.

0.45 T T T T T T T

0.40 F ]

0.00 L 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

composition (x)

Fig. 4 Dependence of Av at the (RE) site on composition x in
(Cel—XREx)OZ—X/Z-
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Possible ionic conduction paths can be calculated and
visualized by applying the BVS method; Fig. 5 shows the bond
valence isosurface of 0>~ in CeO, calculated using the BondStr
program included in the FullProf suite;** the isosurface iden-
tifies areas with a low energy barrier and therefore represents
the most likely pathway for ion transport. It is evident that
oxygen diffusion takes place by a vacancy-assisted mechanism
involving the unoccupied 24e Wyckoff site (with coordinates
x,0,0; x = 0.5 for the interstitial site sketched out in Fig. 5),
which represents an unoccupied octahedral position in the Ce
sub-structure. Such a mechanism is consistent with molecular
dynamics simulations and molecular static calculations
revealing an ionic diffusion mechanism by vacancy hopping
along the (100) direction.” Remarkably, neutron PDF analysis
revealed the occurrence of extended Frenkel defects, with O
atoms located in the interstitial site, although displaced from
the centre of the octahedron along (100);** such a structural
feature is in good agreement with the possible ionic conduction
paths outlined by BVS.

Pair distribution function analysis

XRPD analysis provides a periodic structural model; nonethe-
less, deviations from perfect periodicity occur at the local scale
even in crystalline materials, producing significant effects on
their properties. Such deviations characterizing the local
structure of a material can be unveiled by PDF.

Chemical substitution induces a progressive increase in the
structural disorder. Such an effect can be appreciated by
inspecting the total scattering structure function data, S(Q), at
high Q-values; this kind of structural disorder produces an
increase of the scattered background (where broad oscillations
are progressively enhanced by substitution) and a damping of
diffraction peak intensities (see Fig. 6, where a representative
selection of data pertaining to the ND system is reported). In
particular, broad oscillations at higher Q-values can be roughly

Fig. 5 Bond valence isosurface of 0%~ in CeQ,; interstitial sites (grey
spheres) are located at the 24e Wyckoff site (with x = 0.5).
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Fig. 6 Superposition of S(Q) data at high Q-values for selected
samples pertaining to the ND series.

ascribed to dynamical short-ranged correlations involving the
tetrahedral network, whereas the damping of the diffraction
peak intensities can be ascribed to static disorder. The damping
observed for the G(r) functions in the high r-range (see Fig. S4 in
the ESI Sectiont) evidences the progressive reduction of the
structural coherence with chemical substitution in good
agreement with the results obtained by the diffraction line
broadening analysis.

Fig. 7 shows the G(r) functions collected for the whole ND,
NT and GS series in the low r-region; peaks pertaining to RE-O
(~2.3 A; ~4.5 A; ~5.9 A) and RE-RE (~3.8 A; ~4.2 A; ~5.5 A)
bond pairs can be observed. In particular, the intensity of the
RE-RE peak at ~4.2 A increases with x, whereas both peaks at
~4.5 Aand ~5.9 A (pertaining to RE-O bond pairs) progressively
decrease in intensity.

Generally speaking, the peak width is determined by the
distribution spread of the interatomic distances between
a given pair of atoms (thus depending on the static or dynamic
disorder of the atoms involved in the pair); for this purpose, the
fitting of peaks was carried out using pseudo-Voigt functions
after background subtraction.

Fig. 8, upper panel, shows the dependence of the full width
at half maximum (FWHM) of the peak at ~2.3 A sampling the
nearest RE-O bond pair for the three whole series. Two different
regimes can be clearly recognized.

(1) For 0 = x = 0.30 the broadening of the PDF peak roughly
follows a linear trend with x, thus indicating a progressive
increase of the distribution spread of the interatomic RE-O
distances.

(2) For x > 0.30 the broadening of the PDF peak negatively
deviates from the linear trend, as highlighted by the dashed line
in Fig. 8, left panel, and in some cases, it tends to saturate.

Both regimes can be related to the evolution of the average
structural strain on composition, also reported in the figure. In
fact, even this parameter, measured using the corresponding
XRPD data, quite homogeneously increases for x = 0.30,

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Evolution of the G(r) function as a function of substitution in the r-range 1.5-6.5 A for the three different sample series.

approaching an almost constant value at higher x. This behav-
iour can be explained at the microscopic scale as follows: for
a small amount of substituting ions, the CeO, structure can
accommodate the strain fields around each solute RE without
a relevant increase of the local disorder, and the local defor-
mation induced by the dissolved atoms can be absorbed by local
distortions. As the amount of static disordering produced by
chemical substitution at the RE site increases, the distribution
of RE-O bond lengths increases as well. The strain fields around
each solute RE atom start to overlap, but the CeO,-type structure
can still accommodate the global strain. With further
increasing the substitution degree, the global amount of
structural strain produced by the overlapping strain fields
destabilizes the CeO,-type structure. As a result, the C-phase
demixes and two different phases coexist even if strictly inter-
laced, as evidenced by XRPD data (see Fig. S1 in the ESI
Sectiont). Then the broadening of the PDF peak width tends to
saturate due to phase coexistence: in fact, the RE-O bond
distances tend to be fixed inside each co-existing crystallo-
graphic phase and fluctuations cannot further increase.

As a general remark, the disorder due to the random distri-
bution of different RE cations at the same crystallographic site,
namely due to the mismatch of individual RE cation radii, can
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be parametrized by the size variance ¢”(rgg) = (rre’) — (7rg)’
((rgs): mean RE cation radius).>* By plotting FWHM vs. ¢*(rgg),
a linear relationship is observed, clearly evidencing the direct
dependence of the RE-O bond length distribution on the
cationic site disordering (Fig. 8, right panel).

Fig. 9 shows the experimental G(r) functions for samples
belonging to the ND series (selected as representative) with 0 <
x = 0.30, namely the ones only formed of the F phase; the cited
functions are thus fitted in the 1.5 < r < 30 A range by using an
Fm3m structural model. It is evident that the fitting of the peak
at ~3.8 A, corresponding to the nearest RE-RE bond pair,
progressively worsens with substitution. Remarkably, the RE-O
peak at ~2.3 A is not well fitted, independently on composition,
also for pure CeO,; these data demonstrate that a significant
deviation from the ideal structure occurs at the very local scale (r
<9-10 A), while the Fm3m structural model accounts well for the
experimental G(r) functions of the whole sample series for
larger distances (> 10 A). Interestingly, the model fails in fitting
the peak at ~4.2 A. This peak is predicted by the Ia3 structural
model characterizing C domains, and it originates from RE-RE
bond pairs; these data thus suggest that at the local scale
significant deviations from the average Fm3m structural model
can take place even at a very low substitution degree, and

Ce02

® 4 > o

0.20 L

PRI [ S S TR T T S S SR S S S S '
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o2 (A?)

PR S T S T N
0.000 0.001

Fig. 8 Evolution of the FWHM of the peak at ~2.3 A (pertaining to the nearest RE-O bond pair) as a function of composition (left panel) and of

cationic size variance o2 (right panel).
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Fig. 9 Experimental G(r) functions obtained for the ND-sample series
fitted with an Fm3m single-phase structural modelin the range 1.5 <r <
30 A (distance is shown on a logarithmic scale in order to highlight data
at shorter r values).

confirm the outcome deriving from other techniques, such as
high pressure X-ray diffraction."* Moreover, this result suggests
that the decrease in ionic conductivity taking place within the
stability range of the ceria-based solid solution is caused by the
occurrence of the non-conducting Ia3-based defect aggregates
even at a very low doping degree.

Unfortunately, X-ray PDF data are dominated by the RE
contribution, and the reduced X-ray scattering length of O
prevents the testing of a structural model characterized by
a significant content of Frenkel defects, as reported for previous
neutron PDF studies.>

Nevertheless, to gain information on the structural properties
at the local scale, a 2-phase model was also applied, made up of
the Fm3m + Ia3 structures. It is noteworthy that such a model is
not intended for describing a real phase separation within the
inspected samples (at least for samples with x =< 0.30); rather, it is
used to model the fluctuation of the local structural properties
produced by chemical substitution and the consequent progres-
sive increase of the O-vacancy amount. Predictably, a significant
improvement is gained, and the experimental G(r) functions are
well fitted in the 1.5 < r < 6.15 A range.

In Fig. 10 a comparison is reported between selected exper-
imental G(r) functions fitted in the 1.5 << 6.15 A range by using
a single phase Fm3m (1p) and a 2-phase Fm3m + Ia3 (2p)
structural model, respectively. In general, the 2-phase structural
model provides a better fitting of experimental data, as also
indicated by the lower R, values (Fig. 11, upper panel). None-
theless, it is imperative to determine if the larger number of
refinable parameters characterizing the 2-phase model leads to
a significant improvement of the fit, i.e. if this improvement is
really determined by a better description of the physical system,
or if it is simply a consequence of overparameterization. To this
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Fig. 10 Experimental G(r) functions obtained for the ND series fitted
with a single (Fm3m; panels on the left) and a double-phase (Fm3m +
1a3; panels on the right) structural model in the range 1.5 < r < 6.15 A.

end, a significance test was carried out on the crystallographic
Ry factor.® As a result, the 2-phase structural model can be
rejected for samples with x = 0 and 0.05; conversely, the prob-
ability of error is less than 5% for samples with 0.10 = x = 0.60.
It can be thus concluded that the peak at ~4.2 A is a termination
ripple (not originating from structural features) of the G(r)
function for x = 0.00 and 0.05; in contrast, its occurrence
originates from the structural properties for samples with x =
0.10, and thus it represents a real RE-RE interatomic distance.
Similar arguments hold for both NT and GS series, whose
results, shown in Fig. 11, are in good agreement with previous
studies of RE-substituted CeO, where a biphasic model was
used to provide the best description of the local structure.**

Fig. 11, lower panel, reports the compositional dependence of
the relative amounts (mass%) of the Fm3m and Ia3 phases, as
provided by the 2-phase structural model. Remarkably, this
model, adopted for describing the local structure (r < 6 A), actu-
ally indicates a fluctuation between the local structure observed in
CeO, and RE,O; compounds, rather than representing a true
phase separation between them (at least for samples with x =
0.30). In fact, the exsolution of an Ia3 phase within an Fm3m
matrix would notably affect the size of the structurally coherent
domains; conversely, the domain size does not significantly
change in the 0.10 < x =< 0.40 compositional range (see Fig. 3 and
S4 in the ESI Sectiont), indicating that within the same structur-
ally coherent domain the local structure fluctuates between the
ones of the Fm3m and the Ia3 phase. The information gained is
thus that cations tend to retain the same local environment as in
the corresponding pure oxides.

It is noteworthy that RE-O bond lengths calculated by Riet-
veld refinement, and G(r) functions fitting up to 30 A, nicely
superpose, as they clearly increase with increasing x.
Conversely, the same bond lengths exhibit an opposite

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Upper panel: comparison of the R,, values as a function of
composition as obtained after fitting the G(r) functions in the range 1.5
<r<6.15 A by using a single and the 2-phase structural model. Lower
panel: relative amounts (mass%) of the two phases provided by the 2-
phase structural model fitting.

behaviour when obtained by fitting the G(r) functions up to 6.15
A (Fig. 12); a similar behaviour also characterizes the nearest
neighbour RE-RE pairs. These findings are in good agreement
with previous local structural studies carried out by PDF and
EXAFS on similar RE-substituted CeO, samples.’>***” The
observed decoupling between bond distances calculated at the
average and local scale can be explained by considering that the
amount of O vacancies in the structure increases with
substitution.

Fig. 13 depicts the structural environment around an O
vacancy (represented by the yellow sphere). White spheres
represent the structural positions occupied by O and RE atoms
in the Fm3m structure, whereas the coloured hemi-spheres
represent the direction of the shift due to uncorrelated static
or dynamic displacements producing local scale atomic dis-
ordering. When a vacancy is formed, the positive charges of the
nearest neighbour RE atoms are no longer separated by
a bridging O atom; as the intervening negative charge is
removed, these ions are displaced in opposite directions on
account of Coulombic repulsion. This phenomenon has two
main consequences in terms of (1) RE displacement and (2) O
displacement. (1) The RE atoms displaced by coulombic
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Fig. 12 RE-O bond lengths plotted as a function of composition as
obtained by Rietveld refinement and PDF fittings up to distance ranges
6.15 and 30 A.

repulsion move close to the other RE atoms, thus decreasing the
average RE-RE bond distance at the local scale. (2) Around the
vacancy, nearest neighbor RE atoms experience an excess of
positive charge (resulting from the missing O) that must be
compensated for by decreasing the interatomic distances
between RE and still bonded O atoms. Moreover, this mecha-
nism of charge compensation is expected to affect also next
nearest neighbor RE atoms. Indeed, next nearest neighbor RE
atoms gain a fractional positive charge as O atoms displace to
nearest neighbor RE atoms; this in turn is compensated for by
other O atoms, thus explaining the global decrease of the RE-O
bond lengths measured at the local scale. This situation,
coupled with the disordered distribution of both charges and
ionic sizes in the RE sub-structure, gives rise to a dynamic
disordering. As can be qualitatively evaluated from the back-
ground oscillations at high Q-values of the total scattering

O re N/ oL ‘\wf'
O displaced RE M .% ~v
0 'K’
& displaced O ’&

O Ovacancy %{
/a_

Ny

y 7/”‘\ }i >\/

Fig. 13 Representation of possible local structure configurations
around a vacancy in substituted CeO,; coloured hemi-spheres
represent atomic uncorrelated displacement from the average posi-
tion (white spheres) in the long-range structure.
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structure function S(Q) (Fig. 6), dynamic disorder increases with
substitution, as expected, because it is triggered by vacancies at
the O sub-structure. To conclude, it is useful to make
a comparison between the structural and microstructural
properties observed for our doubly substituted CeO, samples
with those reported in the literature for singly substituted
samples.

Regarding Gd-doped ceria, namely one of the most studied
doped ceria systems, a large number of papers report the
compositional extent of the F phase; an overview of these results
can be found in ref. 1. Despite the small discrepancies among
different studies,'>*® the boundary can be located between x =
0.20 and 0.30. Sm-doped ceria is also a subject of many inves-
tigations, and the F phase is reported to extend up to x ~0.30. In
general, the extent of the F phase seems to be mainly ruled by
the Ce*"/RE*" size similarity. By comparing singly and doubly
doped ceria systems with the same average doping ion size, an
enlargement of the stability extent of the F phase has been
observed, associated with an increased cell parameter of the
doubly doped systems with respect to the corresponding singly
doped one. This is for instance the case of Ce; ,(Nd 63Dyo.37)-
Oz (ref. 34) and Ce; ,(Ndy.74TMg 26)xO02_x/2,>° both having
the same average ionic radius of the doping mixture as Sm**,
and showing a larger F stability extent than Sm-doped ceria.
Similarly, (Gd,Sm) doped ceria exhibits an analogous behaviour
with respect both to Gd- and Sm-doped ceria.*® This evidence,
widely discussed in (ref. 34-36), has to be ascribed to the pref-
erential entrance of the larger doping ion into the F lattice.

Nevertheless, the presence of Ia3 nanodomains has been
demonstrated even at the lowest doping ion content by high
pressure X-ray diffraction for several singly and doubly doped
ceria systems.'" The results of the present and other'*'*** PDF
studies performed on doped ceria systems are in good agree-
ment with the outcome of the last-mentioned work, thus
pointing at the existence of aggregates even at very low x values,
where they cannot be revealed by X-ray diffraction in terms of
superstructure peaks due to their tiny amount and/or their
nanometric size. Anyway, despite the presence of Ia3 domains
even at very low x values, it can be inferred that the average
Fm3m structure prevails in the whole inspected compositional
range: in the GS series, for example, only ~30 wt% of the Ia3
polymorph is found as a secondary phase for x = 0.60. These
results suggest that double substitution is effective in stabi-
lizing the Fm3m structure.

The general conclusion that can be drawn from this and all
the PDF studies performed on doped ceria, irrespective of single
or multiple doping, is that Ce*" and RE** have a strong tendency
to be surrounded by the crystallographic environment typical of
CeO, and RE,0;, respectively. The local structure (<10 A) of Gd-
substituted samples, for instance, is properly represented as an
extended defect cluster, rather than a phase separate state,
where Ce and Gd atoms tend to retain the environments as in
pure CeO, and Gd,O3, respectively.'>'* These results are in good
agreement with our findings in double substituted samples,
where the structural fluctuations at the short range scale are
modelled by applying a 2-phase structural model for fitting the
G(r) functions (Fig. 10).
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The enlargement of the F phase compositional extent
observed in doubly doped ceria with respect to singly doped
ceria exerts an effect on ionic conductivity. This issue has been
thoroughly studied in previous works of this***® and other®>*
research groups, and the most remarkable outcome is that
multiply doped systems exhibit a lowering of the activation
energy to ionic conductivity with respect to singly doped ones,
at least at temperatures higher than ~750 K,***® as well as an
increase of ionic conductivity;*>*® in addition, also an effect of
partial suppression of Ia3 clusters was observed.* In this
respect, the investigation of the properties of doubly doped
ceria systems is a highly promising topic in the search for
effective electrolytes to be used in solid oxide cells.

Conclusions

The structural properties of three double RE-substituted ceria
systems (Ce; ,RE,O, ,,», RE = Nd/Tm, Nd/Dy, Gd/Sm) have
been investigated from the macro down to the nano scale by
means of synchrotron X-ray powder diffraction and pair distri-
bution function analysis. Samples of all series are constituted of
a single Fm3m phase up to x = 0.30, whereas an Ia3 phase grows
finely interlaced with the former at higher x values. The
coherent diffracting domain size decreases with substitution up
to x = 0.10, whereas static disorder and vacancy concentration
in the oxygen sub-structure increase. In particular, the local
scale structure (r < 10 A) can be described as a disordered
fluctuation between the average structures characterizing the
Fm3m and Ia3 phases; due to the non-conducting nature of the
Ia3 phase, this evidence can be deemed as the reason behind
the drop in ionic conductivity commonly observed in doped
ceria systems even within the stability range of the CeO,-solid
solution. The static disorder is triggered by the local concen-
tration of RE substituents, mainly affected by the amount and
distribution of neighbouring oxygen vacancies. Moreover, also
dynamic structural disorder is present, determined by uncor-
related atomic displacement (mainly affecting the O sub-
structure) providing notable deviation in the bond-length
distribution.
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