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Abstract
We investigated the local environment of the Ce and Gd ions in one of the most important oxygen ion conductors,
the CeO,-Gd,05 solid solution, using Ly; edge extended X-ray absorption fine structure (EXAFS) spectroscopy
and X-ray absorption near edge spectroscopy (XANES). The average Gd-O distance, as deduced by EXAFS,
decreases gradually with increasing Gd content, whereas a sharp decrease in the average Ce-O distance occurs at
25 mol% Gd, accompanying the appearance of structural features characteristic of double fluorite symmetry. An
abrupt change in the local environment of Ce, rather than of Gd, is also supported by the XANES spectra. Efforts
at stabilizing the oxygen conducting Fm-3m phase in CeO,-Gd,05 solid solutions should therefore concentrate on
tailoring the local environment of the Ce ion. We further suggest that our data may provide an explanation for the
recently discovered giant electrostriction effect in Ce (.sGd (.,O ;9. Since this composition is at the limit of
stability of the fluorite phase, local distortions in Ce ¢.sGd ¢.,O |9 may be modulated by an external electric field

more readily than those of the other solid solutions.
L. Introduction

Stabilization of the particular phase of a solid solution possessing optimal thermal, mechanical or electrical
properties is a challenge relevant to a wide variety of materials ranging from ion conductors to ferroelectrics. The
CeO, —Gd,0, solid solution has been the subject of numerous structural studies " motivated by the fact that Gd-
doped ceria is one of the most important oxygen ion conductors for solid oxide fuel cells (SOFC). Introduction of
Gd*" into the Ce** sites of the CeO, lattice creates oxygen vacancies which are responsible for the high oxygen
conductivity at temperatures above 500 °C. At low doping levels, the conductivity initially increases with Gd
content. However, with addition of ~20 mol % Gd, it reaches a maximum and then decreases " ? as the solid
solution transforms from the initial fluorite ( Fm-3m ) phase of CeO, to the la—3 phase which is characteristic of
Gd,0;.

The progression of intermediate states along the pathway from the Fm-3m phase to the /a-3 phase has
been the subject of both experimental and theoretical arguments. Studies based on electron microscope

measurements have reported that the Gd ions segregate and form C-type (i.e Gd,Os like, Ia—3 space group)’”
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nano-sized clusters or micro-domains® ®* | while the bulk of the material remains in the Fm -3m phase. According
to this view, the proliferation of such clusters eventually leads to the phase change. Grover et al. * used Rietveld

refinement of powder X-ray diffraction (XRD) data to solve the structure of CeO, —Gd,0, mixtures with 60 and

80 mol% Gd. Their work showed that for both the space group is /a—3. There are two non-equivalent cation sites
with different cation-oxygen bond lengths. The O1 (48¢) oxygen sites are almost fully occupied (94-95%) while
the O2 sites (16¢) are partially occupied’. Due to the partial occupancy of the O2 anion site, the average cation
coordination number lies between six and eight. Using Raman spectroscopy, the same group'® also suggested that
the 7a -3 phase first appears between 20 and 30mol % Gd.

A recently published synchrotron X-ray diffraction study'' of the complete range of CeO, —Gd,0; solid

solutions is consistent with the findings of refs. ? 10 Artini ef al.'! have provided a set of model atomic structures
based on Rietveld refinement of their diffraction data. Except for the pure ceria sample, the solid solutions are
described by double fluorite symmetry, an important feature of which is a shift of the type 1 cation away from the
fluorite position. Such a shift has been detected by the authors of Ref. '' at a Gd doping level > 20mol%. In
addition, a decrease in the occupancy of the O2 site, which is the signature of vacancy ordering, has been detected
at >10 mol% Gd. However, as is well known, X-ray diffraction (XRD) provides only an averaged structure. It
cannot distinguish between Ce and Gd ions; the cation sites in the Rietveld description of the /a-3 structures are
occupied randomly by Ce and Gd, with occupancy weighted by molar fraction. Consequently, XRD cannot
quantify the distribution of oxygen vacancies about either of the cations. Recently, extended X-ray absorption fine
structure (EXAFS) analysis, characterizing the local environment of the Ce and Gd ions in CeysGdy,0; 9, have

shown that the oxygen vacancies clearly prefer Ce rather than Gd nearest neighbors'*"*

. This preference has been
attributed to the fact that Gd®" ions are larger than Ce*" and it is consistent with both the NMR data that show that
vacancies are attracted to cation dopants that are smaller than the host ions' and with theoretical modeling'®.
Furthermore, it has been shown that, even though the XRD pattern of CeysGdyp,0,9 does not display any
diffraction peaks not consistent with Fm-3m symmetry, the individual EXAFS-derived bond lengths, Ce-O and
Gd-O, do not agree with the average Ce-O and Gd-O distances derived from the XRD analysis. This implies that
the lattice undergoes local, uncorrelated distortions and, as a result, the local structure is different from the
average'” ", In the current work, we report results obtained by extending the X-ray absorption measurements to
include the complete range of solid solutions. We present data and analysis of the Ce and Gd L;; edge absorption
spectra as obtained by EXAFS and X-ray absorption near edge structure (XANES) spectroscopies. We find that
the double fluorite 7z -3 phase appears abruptly upon addition of 20 - 25 mol% Gd, and that it is related to
changes in the local environment of Ce rather than of Gd.

I1. Experiment and data analysis

The powders of Ce_Gd O, ,, x=0.05-0.85, used for these studies, were prepared by direct solid state

synthesis with three subsequent cycles of regrinding, repelleting and annealing at 1673 K for 48 hrs’. We

particularly note that these procedures are critical for maximizing sample homogeneity and crystallinity. In their



absence, the observed phase composition and unit cell dimensions may not be reproducible'®. The pellets were
slowly cooled to room temperature in the oven ( >10 hrs) in order to ensure that no oxygen deficiency arose'® and
that the resulting powders are representative of the corresponding stoichiometric phases. X-ray diffraction patterns
were acquired with an Ultima III theta-theta powder diffractometer (Rigaku, Japan) at least three months after
sample preparation to ensure that the unit cell had reached equilibrium value'. The powders were measured in ©-
20 mode with step size of 0.02° and rotation of >1 revolution per step in order to avoid the influence of texture.
According to the diffraction patterns, the impurity content is limited to < 1%. This is sufficiently low for
impurities not to influence the results of the EXAFS and XANES measurements.

The EXAFS measurements were performed on the X18B beam line of the National Synchrotron Light

Source at Brookhaven National Laboratory. L,; -edge spectra of Ce and Gd were acquired in transmission mode

from powders prepared as described above and brushed over adhesive tape folded several times for uniformity.
Representative, edge-step normalized EXAFS data for Ce and Gd Ly edges are shown in Figure 1. The useful
data ranges were limited by the Ce Lj; and Gd Lj; edges.

The EXAFS spectra were analyzed by non-linear least square fits of FEFF6 theory™ to the data using the
Artemis program®' from the IFEFFIT data analysis package.”> ** Figure 2a,b shows representative fits of Ce and

Gd EXAFS spectra. Theoretical photoelectron scattering amplitudes and phase shifts were calculated for the
model structures corresponding to CeO, and Gd,0s, respectively. Passive electron reduction factors (SO2 ) were

obtained from the fits to their respective bulk compounds (0.59 for the Ce L;; edge and 0.85 for the Gd Ly; edge)
and then kept constant in the fits for all the solid solutions. For the Ce Ly edge, the k-range used for the fitting
procedure was from 1.4 to 9.0 A and the r-range was from 1.4 to 2.2 A, which corresponds to 6 independent data
points.**. For the Gd edge, the number of independent data points was larger (7), due to the larger k-range (from
1.4 to 11 A™"). Fitting parameters included: the correction to the bulk bond lengths; the disorder in the bond
lengths, also known as the EXAFS Debye-Waller factors; as well as the correction AE that accounts for the
different origins of the photoelectron energy between the experimental data and FEFF6 calculations. Bond lengths
of the first nearest neighbors (Ce-O, Gd-O) were determined using a model which assumes a coordination number

equal to 8 for both Ce and Gd. As noted above, in the series of CeO, —Gd,O; solid solutions, the number of

nearest neighbor oxygen ions for each cation may vary from six to eight. Our assumption of eight neighbors
affects the amplitude of the EXAFS signal, but not its phase, and therefore has no effect on the derived bond
length. Only the first coordination shell was fitted in the current study since we showed previously ' * that the
nearest neighbor environment responds the most strongly to a change in the number of oxygen vacancies. The
first coordination shell distances for pure CeO, and Gd,O; are taken from a previous report'>. For final fitting,
only the corrections to the bulk bond lengths were varied, while the rest of the parameters remained fixed. The
values of AE were fixed to be the same for all compositions (7.65 eV for Ce edge and 1.9 eV for Gd edge). The
best values of the Debye-Waller factors were between 0.008 and 0.01 A%, depending on the edge.

II1. Results and discussion



The XRD patterns of the Ce_Gd O, , powders, x < 0.2, can be indexed according to space group

Fm-3m (Figure 3a,b). The lattice constant is an increasing function of the doping level (Figure 3c¢), as expected
due , in part, to the larger ionic radius of the Gd ion. Already for x > 0.25, additional sharp peaks, indicating the
formation of a super-lattice with doubled lattice constant, are observed (Figure 3b). This also agrees with ref. '
and the earlier reported Raman spectroscopy®. The lattice constant reaches a maximum at x=0.25 and then
monotonically decreases (Figure 3c). Some small differences in the lattice parameters between our work and ref '
may be attributed to the fact that the lattice parameter of Gd-doped ceria in the vicinity of 20mol% of Gd depends

on the sample history and may require up to three months to reach a constant value'.

Characteristic k* -weighted Ce L, -edge (Figure 1a) and Gd L -edge (Figure 1b) EXAFS data are shown
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for Gd concentrations both below (15 at %) and above (25 and 42.5 at %) the structural phase transition. The best
fit structural parameters obtained with IFEFFIT software are reported with 95% confidence limits. Local
structural changes taking place during the Fm-3m to Ia-3 phase transformation were identified from the Gd-O
and Ce-O bond lengths obtained by EXAFS data analysis (Figure 2). While the Gd-O bond length decreases
gradually from 2.365 A to 2.325 A over the entire range of Gd content measured, approaching the value observed
for Gd,05 %, the average Ce-O bond length, initially 2.343 A in pure ceria, shows an abrupt decrease to 2.291A
between x=0.2 and (.25, i.e. coinciding with the onset of the characteristic diffraction of the /a-3 phase. At higher
Gd concentrations, the Ce-O bond length decreases gradually to 2.265A at 85 mol% Gd. In the 7z -3 phase of Gd
doped ceria, the first coordination shells are distorted but they are ordered with respect to the distribution of the
oxygen vacancies. ~ The different behavior of the two types of bonds in a solid solution are evidence for local
deviation from the average structure that, according to the XRD data, is dominated by the transition from the
fluorite to double fluorite phase. Since the vacancies are known to prefer smaller ions, Ce*" in the case under

consideration'>'*

, the observed abrupt changes in the Ce-O bond length should be viewed as an indication of an
abrupt change in the occupancy of the O2 site in the /a-3 lattice. The decrease in the average Ce-O bond length
in the fluorite phase upon increase in the vacancy concentration provides additional support for the earlier
25,26

hypothesis that local distortions in the oxygen sub-lattice surrounding the Ce ions are similar to those found
for the cation-1 site in the more heavily Gd-doped Ia-3 lattice’: the initially cubic oxygen environment elongates
along the body diagonal in the direction containing the vacancy and the six oxygen ions off this diagonal move
closer to the Ce ion ( see Fig. 1 in ref. *°). The driving force for the local distortions is difficult to determine, in
part because the lattice constant (Figure 3) also increases abruptly between 20 and 25 mol% Gd concentration. A
similar lack of correlation has been observed for the lattice constant and cation-oxygen distances in oxygen

deficient CeO,_5, 6=0.05-0.1 *° The ionic radius of Ce*" is more than 10% larger than that of Ce*". Apparently,
lattice contraction due to the appearance of oxygen vacancies cannot compensate for the increase in the lattice

constant resulting from the increase in the cation radius and local distortions. This effect has been analyzed by

molecular dynamics simulation in Ref. *’.



The XANES spectra (Figure 4) also demonstrate that the Fm —3m to la—3 transition is associated with
changes in the local environment of Ce rather than of Gd. The intensity of the Gd Ly;-edge white line decreases
monotonically with Gd content (Figure 4b, Figure 5), which is consistent with a uniform reduction in coordination
number. The XANES spectra for the Ce Ly-edge (Figure 4a) are more complex: (1) The Ce Ly-edge white line

comprises two peaks (Figure 4a, inset): A(2p f'5d state) and B (2p f'5d *L state)™>! where 2 p denotes the

empty state in the 2p shell and L denotes an empty state in the oxygen orbital. Since the appearance of peak B

originates from the transfer of charge from the oxygen to the Ce 4f orbital,”

the relative decrease in the intensity
of peak B with increased doping (Figure 5, inset) should be attributed to the larger concentration of oxygen
vacancies around Ce. (2) In the Fm -3m region, the combined Ce Ly-edge peak intensity decreases with Gd
content (Figure 4, Figure 5). This is consistent with an increase in the concentration of vacancies introduced by
Gd doping. However, the intensity increases abruptly with the appearance of the 7z-3 phase and then increases
linearly with increasing Gd content. This marked change in the local environment of the Ce ion may be related to
the fact that oxygen sites that are equivalent in the fluorite phase become non-equivalent in the Ia-3 phase and/or
to the increased ordering of the near neighbor oxygen vacancies which accompany increased levels of Gd
doping’.

We note that the inelastic behavior of Gd doped ceria , attributed to the local lattice distortions, is a strong
function of temperature. For example, with 20 mol% Gd, elastic behavior is recovered upon heating to
temperatures above 250 °C'°. Therefore, in the range of Gd concentrations in the vicinity of the phase transition
(20-25 mol% Gd), one may expect that heating / cooling will have a modulating effect on the transformation to
the I a -3 phase.

IV. Conclusions

On the basis of the analysis of EXAFS and XANES data, three important conclusions may be drawn:

(1) X-ray diffraction from specially prepared and fully equilibrated bulk powder samples of
Ce_,Gd,0,_,,,, x=0.05-0.85 detects the Fm —3m to Ia-3 phase transformation between x=0.2 and x=0.25,

coinciding with a maximum in the unit cell dimension.

(2) By measuring EXAFS and XANES spectra on the same samples of Ce0,/Gd,05 solid solutions, we
have successfully identified differences in the changing environments of the Ce and Gd ions as a function of Gd
doping. We relate the onset of the Fm —3m -> la —3 phase transformation to an abrupt reorganization of the local
environment of Ce, whereas that of Gd changes gradually. Therefore, we suggest that efforts to stabilize the
Fm —3m phase, in order to enhance conductivity, should focus on modifying the local environment of Ce.
Oxygen vacancies are known to prefer Ce over Gd'> *° because the former has the smaller ionic radius. In this
view, one could suggest that co-doping of Gd-doped ceria with trivalent dopants that have a smaller ionic radius

13, 16

(Y or Sm) than that of Ce*" and therefore attract oxygen vacancies' '°, may widen the stability range of the

Fm —3m phase.



(3) Since Ce;3Gd;,0,, is near the limit of stability of the fluorite phase, local distortions may be

modulated by an external electric field more readily than in any of the other solid solutions and thereby may lead

to the recently observed giant electrostriction effect *.
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Figure 2. Best fits to the k>-weighted EXAFS data in R-space at the Ce (a) and Gd (b) Ly;-edges in the compound
with 15 mol % Gd. Shown are both the amplitude and the imaginary parts of the Fourier transforms of the data
and the fits. ¢) Average cation-oxygen distances in the first coordination shell as determined from EXAFS. Gd-O
bond lengths decrease gradually with Gd concentration, whereas Ce-O bond lengths decrease abruptly between 20

mol% and 25 mol% Gd. The values of the first coordination shell distance for pure CeO, and Gd,O; are taken
from ref. '2.
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Figure 3. a) Powder X-ray diffraction patterns of Ce,_,Gd,0,_,,, x=0.10-0.85. The patterns for x=0.10 and 0.20

identify the structure as Fm-3m . b) Additional weak peaks which appear when x > 0.25, correspond to the
Ia-3 phase (vertical lines denote peak positions from C3.cif '' b) Dependence of the lattice parameter as a
function of Gd concentration. Since the /a-3 phase forms with a doubling of the unit cell dimensions of the
Fm-3m phase, the lattice parameter/2 is plotted in the figure for Gd >20 mol%.
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Figure 4. XANES spectra of (a) Ce Ly; edge for Gd doping levels between 5 and 85 mol% and (b) Gd Ly; edge

for Gd doping levels between 5 and 95 mol%. The inset in (a) shows the deconvolution procedure used to
determine the relative areas of peak A (2 p £°54 state) and peak B (2p f'5d * L state). 2 p denotes the empty state

in the 2p shell and L denotes an empty state in the neighboring oxygen orbital. The decrease in intensity of the Gd

white line (b) is consistent with a decrease in the coordination number of the Gd ion.
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the la-3 phase.
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