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Abstract

The local structural changes in La and Gd in doped ceria were investigated using the
XAFS technique. In addition, Cei«xLnyO25 (Ln = La, Gd; LDC) (0 < x < 0.5) was
synthesized through a coprecipitation method and the local structures were analyzed
based on the XAFS spectra for the first and second neighbor shells of the constituent
cations. For these two types of materials, the variation in the coordination number of the
Ln and Ce cations showed different trends as a function of the dopant concentration, x.
For LDC, a local structural ordering was formed at x > 0.3 similar to a pyrochlore-type
structure, in which the oxygen vacancies are preferentially located adjacent to La*". For
Ce1xGdxO2-5 (GDC), no distinct differences in the coordination number of the cations
were observed.

The combined XAFS and XRD results successfully showed that the weighted average
distances of the longer Ln-Ln (Ln = La for LDC and Ln = Gd for GDC) and shorter Ce-
Ce at each composition, as obtained through XAFS analysis, fit extremely well with the
lattice parameter obtained using XRD. A model of the local structural change was derived

to explain the variation in the electrical conductivity during the early stage of Ln doping.



1. Introduction

Solid oxide fuel cells (SOFCs), which are one of the most versatile clean energy
technologies, have been of interest for achieving a high efficiency in converting chemical
to electrical energy in recent years!!). Their function is to produce oxygen anions through
the molecular O» reaction with electrons at the cathode. The oxygen anions can then be
transported through an oxide ion-conducting electrolyte to the anode interface via an
oxygen vacancy compensation mechanism!® ¥, The electrolyte plays an important role in
a SOFC, and generally requires a dense structure, low electronic conductivity, high ionic
conductivity, excellent chemical stability with the fuel, oxidant and electrode materials,
and a small mismatch between its thermal expansion coefficient and those of the
electrodes!!.

Ceria-based mixed oxide is one of the most important electrolyte materials available and
has numerous applications). For example, it has been reported that La** in Au/CeQ,-
La,0; yields an improved catalytic activity for NO reduction!®. This is based on ceria
doping with other rare-earth oxides, which has attracted significant attention for medium-
temperature electrolytes used to increase the oxygen storage capacity and have a high
oxide conductivity in the range of 500 °C to 700 °C ). The latter makes the electrolytes
stable and easy to prepare.

From previous studies, elements Gd and Sm, when doped in ceria, are considered to
provide better performance than other elements!®!?!. In addition, it has been reported that
Gdo.1Ce0.901.95 (x = 0.1 in Ce1-xGdxO2-5, GDC) shows the highest oxide ionic conductivity
with different levels of dopants within the temperature range of 500 °C to 700 °C!3],

However, the high cost of these two rare elements makes them difficult to apply globally.



The pursuit of low manufacturing costs has therefore stimulated research for other
alternatives.

Some researchers have focused on La or Y because they are inexpensive and can provide
a similar performance as Gd or Sm. In addition, La doped in ceria for SOFCs can lower
the reaction temperature compared to other elements!!4).

According to a previous study, the electrical conductivity is related to the calcination
temperature. Otherwise, the electrical conductivity of CeixLaxO2-5 (LDC) shows a
specific behavior at x = 0.3. Typically, the conductivity of a ceria-type material is highest
at 0.1 < x < 0.2, and continues to decrease with an increase in the amount of Lal'l.
However, as Figure 1 indicates, the conductivity of LDC shows an increasing trend again
from x > 0.3. Other studies indicate that the electrical conductivity changes with the local

16. 171 For example, oxygen ordering in a rare earth C-type oxide was detected

structure!
in La;Ce207. The composition of LaxCe>O7 is nominally associated with the pyrochlore-
type structure, which can be considered as an ordered defect fluorite-type structure.
Assuming Ln,Ce>O7 has a pyrochlore-type structure, the coordination number of the
larger Ln** ion is 8, whereas that for the smaller Ce*" ion is 6, indicating that a
disproportion in the coordination numbers occurs due to a difference in cation sizes. In
the case of zirconates, the electrical conductivity in LnoZr,O7 increases with an increase
in the ionic radius of Ln*" in the fluorite-type phase region, and is finally the maximum
in the vicinity of the phase boundary in the pyrochlore-type region. Therefore, we surmise
that a local structural change also occurred in our target materials.

In this study, we introduce La and Gd individually into ceria to study the local structural

change. The ionic radii of La** with 6-, 7-, and 8-fold coordination are 1.032 A, 1.1 A,

and 1.16 A, respectively. The ionic radii of Ce*" with 6- and 8-fold coordination are 0.87



A and 0.97 A, while those of Gd*" with 6-, 7-, and 8-fold coordination are 0.938 A, 1 A,
and 1.053 A, respectively!'®. We conducted XAFS to analyze the results. Based on the
results, we obtained the regularities of the materials with different levels of doped La and
Gd as well as the relationship between the conductivity and local structural changes. The
proposed method aims to be a practical approach for solving structural problems in the

future.

2. Experimental

2.1 Sample synthesis

We synthesized samples of CeixLax02-5 (0<x<0.5) for XAFS measurements using the
nanoparticle growth method, which is a type of coprecipitation method!'”). First, we
weighed the starting materials i.e. Ce(NO3)3-6H20 (99.99% purity, manufactured by
Wako Pure Chemical Industries, Ltd.) and La(NO3)3-6H20 (99.0% purity, manufactured
by Wako Pure Chemical Industries, Ltd.) stoichiometrically, and dissolved them into 100
mL of deionized water. The solution was stirred and heated up to 80 °C. Subsequently,
NH4HCOs3 (99.99% purity, manufactured by Kanto Kagaku Co., Ltd.) was weighed and
dissolved into 100 mL of deionized water as a precipitating reagent. Then, we added the
reagent dropwise to a metal ion solution to form a precipitate. After 3 h with stirring at
80 °C, the precipitate was filtered and collected. Next, we placed the precipitate in a
drying oven at 100 °C overnight to remove the water completely. The dried sample was
disintegrated for 15 min using an agate mortar and then fired at 600 °C for 1 h. The
calcined sample was disintegrated again and mixed in a rotary ball mill using zirconia

balls with ethanol as a medium for 72 h and dried again. The sample was then ground for



5 min in an agate mortar. After grinding, the sample was uniaxially pressed into a 13 mm
disk pellet at 30 MPa for 2 min. The pellets were then sintered at 1,500 °C for 5 h in air,
following which the color of the pellets changed to grey.

Synthesis of the Gd-doped CeO> powder Ce1.xGdxO--5 (0<x<0.5) was also carried out
using the same procedure and Gd(NOz)3- 6H20 (Wako Pure Chemical Industries, Ltd.,

99.95% or higher purity) as the starting material.

2.2 XAFS measurements and analysis

XAFS measurements of the La- and Gd-doped ceria were conducted at the BL16B2
beamline of the Spring-8 synchrotron facility in Japan. An aspirate amount of doped ceria
was mixed with hexagonal boron nitride powder and uniaxially pressed into a 10 mm
pellet for measurement. XAFS spectra near the Ce K-edge (40.45 keV), La K-edge (38.94
keV), and Gd K-edge (50.24 keV) were measured using the transmission mode at room
temperature. In addition, CeO,, La>O3, and Gd>O3 were measured as reference samples.
An X-ray was monochromatized using a Si(311) double-crystal monochromator. A
cylindrical Rh-coated mirror was used for elimination of the higher harmonics. Ionization
chambers were filled with Ar-diluted Kr gas (Ar:Kr = 75%:25%) for measuring the
incident X-ray and pure Kr gas for the transmitted X-ray, respectively.

The XAFS spectra were analyzed for both the first and second neighbor shells. Athena
software was used to analyze the XAFS oscillation extraction, and Artemis was used for
the curve-fitting of the XAFS oscillation®. The XAFS analysis conditions and
parameters obtained are summarized in Tables 1 and 2, respectively. The k-range used for
obtaining the radial distribution functions for each absorbing atom (in Figure 4) was

basically fixed from 3 to 13 Al. Curve-fitting was applied against the r-range from



approximately 1.4 to 2.1 A for the first neighbors and from 2.8 to 4.1 A for the second
neighbors.

When we analyzed the distance between the La-absorbing atoms in the second neighbor
shell, we assumed that the distances are mainly characterized by two types of coordination.
One is La-La and the other is La-Ce. Because La has a larger ionic radius than Ce, when
the two types of bonds mentioned are obtained in the second neighbor shell, the longer
one is attributable to La-La and the shorter one to La-Ce. The coordination numbers of
La and Ce are distributed according to the cation composition. In a similar manner, the
two types of coordination in the second neighbor of Ce and Gd were assumed based on
the fact that the ionic radius decreases in the following manner: La*" (1.16 A in 8-fold
coordination) > Ce*" (1.143 A in 8-fold coordination) > Gd** (1.053 A in 8-fold

coordination)?!],

3. Results and discussion

According to a previous study, the solubility limit of Gd in the fluorite-type structure is
within the compositional range of 0.4 < x < 0.5/%?]. It was also demonstrated that peaks
assigned to the rare earth oxide C-type Gd>O3 appear when x reached 0.5. However, as
shown in the powder X-ray diffraction patterns for Cei.xLaxO2-5 (0 <x <0.5), LDC, Ce:-
xLax02-5 (0 < x < 0.5), and GDC, no impurities were contained in these samples. One
possible reason for the difference might be the different firing temperatures. The GDC
samples used in this experiment were fired at 1,500 °C, whereas those in the study
mentioned!??! were fired at 1,300 °C. The higher temperature leads to a more disordered

atomic arrangement in the lattice, and the C-type structure can be considered as the



superstructure of the fluorite-type structure. The oxygen deficiency might also be affected
by the firing temperature.

Figure 2 shows the lattice parameters of the LDC and GDC with increasing doping
amounts of La and Gd, respectively. For both LDC and GDC, the lattice parameters
increased gradually with the amount of doped Ln. The changes in the lattice parameters
in LDC were distinct and greater than those in GDC. In the curve of the lattice parameters
for LDC, the trend of change as a function of x was similar to previously reported
results!>¥), although the values were slightly different. Interestingly, the lattice constants
increased linearly with an increase in x, but with a bend point at x = 0.4. Thus, we consider
that there is a drastic structural change in the LDC composition between x = 0.3 and x =
0.4.

The increase in the lattice parameters for GDC with an increase in the doping amount is
not as distinct as that for LDC. In the curve of the lattice parameters for GDC, the trend
of change in the value is similar to previously reported results [2* 2. The change is
extremely smooth, and no abrupt changes in the compositional dependence of the lattice
parameters are detected. Our data were in the range of results obtained by studies in the
specific literature. Some previous results have reported that the local structure changes
from fluorite-type to a rare earth C-type with x>0.4??!. Thus, we consider that there may
be different structural changes in LDC and GDC.

Figure 3 shows the absorption spectra near the Ce K-edge and La K-edge in LDC, as well
as near the Ce K-edge and Gd K-edge in GDC. The energy of the absorption edge is
related to the electronic state of the X-ray absorbing cations. From the Ce K spectra of
the LDC and GDC, we can observe that the peak position of the absorption edge does not

clearly change with an increase in the amount of dopant. This indicates that in both LDC



and GDC, most of the CeO> valence is 4+ and does not change to 3+ as the amount of Ln
doping increases. The structural change is not caused by the change in the Ce valence.
Nolan claimed that a reduction of Ce*" to Ce** in La-doped CeOs is preferably caused by
the introduction of La*1?1. However, neither a peak shift nor a change in shape were
observed in the spectra.

Figure 4 shows the peaks of the radial structural functions of the Ce K absorption edge
and La K absorption edge in LDC, and the Ce K absorption edge and Gd K absorption
edge in GDC. In LDC, the peak representing the first close distance of the Ce K
absorption edge graph shifted to the left as the La doping amount increased, and the peak
of the second proximity distance also shifted slightly to the left. By contrast, the graph of
the La K absorption edge showed almost no change in position even when the La doping
amount increased. This suggests that the coupling length around Ce decreases, while that
around La does not change. However, in GDC, all peaks of the Ce K absorption edge and
Gd K absorption edge shifted to the left as the amount of Gd doping increased. From this
result, it is conceivable that all coupling lengths around Ce and Gd decreased.

Figure 5 shows the curves of the Ln-O inter atomic distance in Ce1.xLnxO2-5 (0 <x <0.5)
(Ln = La, Gd). These curves were calculated using the first shell of the XAFS results.
From these curves, we can notice that the La-O distance increases slightly to
approximately 2.460 A below x = 0.4, and decreases slightly to 2.448 A at x = 0.5. The
sum of the ionic radii of 7-fold La** and 4-fold O%* is 2.480 A, and that of 6-fold La*" and
4-fold O* is 2.412 Al?] as indicated on the right side of Figure 5. Overall, the distances
remained constant with the 7-fold coordination of La, whereas the distances of Ce and O
clearly changed from 2.353 A at x =0t0 2.270 A at x = 0.5. The sum of the ionic radii of

8-fold Ce*" and 4-fold O% is 2.350 A and that of 6-fold Ce** and 4-fold O? is 2.250 A.



This indicates that Ce changed from a 7-fold coordination to a 6-fold coordination on
average.

According to the analysis shown in Figure 3, there is no valence change in the local
structure. We therefore consider that, as the factors affecting the Ce coordination change,
oxygen vacancies are introduced due to the doped La. In addition, the oxygen vacancies
are completely surrounded with Ce*".

By contrast, for GDC, the distance between Ce and O changed identically with that in the
LDC. This indicates that the Ce changed from a 7-fold coordination to a 6-fold
coordination on average, similarly to LDC. However, for the Gd and O pair, the distance
decreased simultaneously with that of Ce and O, which changed from 2.391 to 2.346 A.
These Gd-O distances are close to the sum of the ionic radii of 8-fold Gd**, 7- or 6-fold
Gd**, and 4 fold O%*, which are 2.433, 2.380, and 2.318 A, respectively. This indicates
that some of the coordination of Gd changed from 7- to 6-fold on average. We consider
the main factor for the coordination change to be the numerous oxygen vacancies
occurring in GDC. The oxygen vacancies are statistically introduced and surround Ce**
and Gd*". It can also be observed from Figure 5 that, with the amount of doped La and
Gd, the gap in the Ce-O distance in LDC and GDC gradually increases. This is caused by
the number of oxygen vacancies surrounding Ce*" and supports our conclusion.

There are usually two factors affecting the distance between the cations and oxygen, i.e.,
the cation coordination number and valence (giving the bond strength according to
Pauling)?!. For LDC, the radius of La*" with a 7-fold coordination is much larger than
that of Ce*" with 8- and 6-fold coordination. However, the valence of La is lower than
that of Ce. In LDC, the coordination of La is a constant 7-fold in the range of x = 0.1 to

0.5, whereas the coordination of Ce gradually decreases almost linearly from 8 to 6.3.



This implies that the contribution of the valence to the distance between La and O is
higher than that of the radius. The ability of La to catch up with O is higher than that of
Ce, and it can maintain the stability of the local La-O structure. Thus, the oxygen
vacancies are surrounded with Ce*" instead of La**. Unlike fluorite-type and the usual
pyrochlore-type structure, La has a 7-fold coordination. Thus, the local cubic structure
cannot completely maintain the fluorite-type structure or a pyrochlore-type structure with
an increase in La. We believe that it forms a superstructure that is more like a pyrochlore-
type structure in LDC at x = 0.3. By contrast, for GDC, the size of the 6-fold coordination
of Gd** is similar to that of the 8-fold coordination of Ce*". The Gd coordination gradually
decreases at the same pace as the Ce coordination. The ability of Gd to catch up with O*
is the same as that of Ce, and hence, it cannot maintain a stable local Gd-O structure. This
is the reason why the oxygen vacancies are statistically distributed around Ce** and Gd*".
In a rare earth C-type structure, Gd*" has a 6-fold coordination, and in a fluorite-type
structure, a 6-or 7-fold coordination is considered. Hence it is thought that the
coordination number does not change significantly even if the doping amount of Gd
increases. Thus, in the local area of the GDC, it finally forms a rare earth C-type structure
at x > 0.4,

As we can see in Figure 6, for LDC, the curves of the second neighboring La-(La, Ce)
and Ce-(La, Ce) distances are not synchronous with each other when x increases. The
second neighboring distance comprises the distances Ln-Ln and Ln-Ce!?”!. For LDC, the
second neighboring La-(La, Ce) distance is first maintained (x = 0.1-0.4) and then slightly
decreases (x = 0.5). This is because the local structure of La-O is more stable than that of
Ce, and thus, the oxygen vacancies always surround Ce. The La-(La, Ce) distance is then

stable and the Ce-(La, Ce) distance shortens with an increase in La. At the early stage of



La doping, the distance contribution of the La-La pairs is extremely small. The distance
of the Ce-Ce pairs accounts for the majority, and Ce can maintain the 8-fold coordination
due to charge compensation. With an increase in La doping, the La-La pairs gradually
play a key role in the neighboring distance. Thus, the distance becomes stable at
approximately 3.857 A (x = 0.3-0.4), whereas the distance of the Ce-Ce pairs changes
significantly because Ce changes from an 8-fold coordination to a 6-fold coordination.
Moreover, the second neighboring Ce-(La, Ce) distance shortens gradually with an
increase in the La doping amount (x = 0.2-0.5).

By contrast, for GDC, similar to the first stage of the La-(La, Ce) second neighboring
distance, the distances of Gd-(Gd, Ce) and Ce-(Gd, Ce) first increase gradually (x = 0.1—
0.2). However, they then decrease simultaneously with Gd doping. This is because the
local Gd-O structure is not as stable in GDC as La-O is in LDC. The oxygen vacancies
occur around both Gd and Ce. Then, the Gd-(Gd, Ce) and Ce-(Gd, Ce) distances are both
shortened with an increase in Gd.

Scheme 1 represents the identical model of LDC and GDC at x = 0.5 based on the XAFS
results. According to the higher ability of La** to catch up with O*, the oxygen vacancies
surrounding La*" are more stable, while those surrounding Ce** are very mobile. On the
contrary, for GDC, the oxygen vacancies are the same due to the similar ability of catching
up with O%". As presented in Figure 8, when the La concentration is low (x = 0.1), the La
atoms are surrounded by Ce metal atoms, making an encounter with other La atoms
difficult. Thus, the neighboring distance increases for La, which has a larger ionic radius
in the structure. When the La concentration gradually increases, the La atoms have a better
chance to combine and stabilize. The curves of the second neighboring Gd-(Gd, Ce) and

Ce-(Gd, Ce) distances become extremely synchronous when x increases.



Figure 7 shows the lattice constants of LDC and GDC and the alignment of the second
proximity distance. LDC and GDC have a fluorite-type structure with a low doping
amount. Because they are doped at a high amount, they are in an ideal position due to the
similar fluorite-type structure, and cations are present in the face-centered cubic lattice.
We can then calculate the lattice parameters and the Ln-Ln distance.

As Ln is doped in cerium oxide, the lattice parameter changes more gradually whereas all
(Ce, Ln)-O and (Ce,Ln)-(Ce, Ln) distances decrease. At the early doping stage, the
amount of Ln is small and the contribution of the Ln-Ln distance is not a major lattice
parameter. Thus, the lattice parameter is close to the Ce-Ce distance. In other words, Ce-
Ce bonds form the framework of the cubic structure. With gradual Ln doping, the
contribution of the Ln-Ln distance increases; finally, these bonds become the main
framework in the cubic structure. This indicates that our XAFS results can fit the XRD
results extremely well. In addition, it explains the relationship between the structural
change and lattice parameter, and provides a new way to combine the two methods
together to obtain local structural information for target materials.

Figure 8 shows the electrical conductivities of Ce1xLnxO2-5 (Ln = La, Gd) (0 <x <0.5)
in air. The electrical conductivity of CeixGdxO2-5 was taken from >4, According to the
results obtained, we considered the relationship between the electric conductivities and
local structure as follows.

For LDC, at the first stage of x = 0-0.1, La is introduced into the CeO> cubic structure
and replaces one Ce atom. Because La has almost no opportunity to encounter other La
atoms, there is a stable oxygen vacancy caused by the local structure between La and Ce,
allowing O?" to pass through. Thus, oxygen vacancies surrounded by Ce atoms occur. Due

to the minute amount of La, the paths for oxygen access are not completely formed.



Thus, at the x = 0.1 stage, the main reason for the increase in conductivity is the increase
in the amount of free oxygen vacancies.

At x = 0.1-0.3, when the amount of La increases, the oxygen vacancies caused by the
local structural change in La increase but still cannot effectively form an oxygen access
path. By contrast, the number of free oxygen vacancies clearly decreases. These two
factors cause the conductivity to decrease from 0.1 to 0.3.

As with x = 0.2-0.3, the structure begins to change from fluorite to a superstructure and
some oxygen access paths are formed as the rate of decrease becomes less sharp than for
x =0.1-0.2.

At x = 0.3-0.4, the amount of La continuously increases with the ordered degree of the
superstructure. In addition, the stable oxygen vacancies increase, clearly forming an
oxygen access path, which is the main reason why the conductivity increases from 0.3 to
0.4.

At x = 0.4-0.5, the ordered degree of the superstructure increases. The amount of free
oxygen vacancies decreases, reducing the conductivity.

For GDC, the main factor affecting the conductivity is the number of oxygen vacancies.
Thus, like the other materials that have a doped metal element, the number of oxygen
vacancies first increases and then decreases with the doping of the metal element. When
a large amount of Gd is doped, the order degree of the C-type structure increases, whereas
the oxygen vacancies remain in a statistically distributed state. Thus, the conductivity of

the GDC appears to first increase and then decrease.

4. Conclusion



The changes in the local structures of Cei1xLnxO2s with Ln (La, Gd) doping were
investigated. XAFS was successfully used to clarify the coordination environments
around Ce and the dopants La and Gd.

For LDC, La coordination was maintained at 7, and Ce coordination decreased from 8 to
6. It was speculated that because a superstructure would be formed, similar to a
pyrochlore-type structure, in LDC at x>0.3, the oxygen vacancies could be attracted by
the larger La*".

For GDC, the coordination numbers for Gd and Ce decreased from 8 to 6. In the GDC,
oxygen vacancies had no preference for Ce or Gd coordination.

These results explained the changes in the lattice parameters for both LDC and GDC. The
local structure change model was designed, and the electric conductivity change at each
stage of Ln (La, Gd) doping was explained.

These results can be applied to other materials in future studies.
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Figure Captions

Figure 1 Conductivity for different doping amounts in LDC materials [14].

Table 1 XAFS analysis conditions and obtained parameters for the first shell of LDC and

GDC.

Table 2 XAFS analysis conditions and obtained parameters for the second shell of LDC

and GDC.

Figure 2 Lattice parameters of Ce1.xLnxO2-5 (Ln = La, Gd) (0 <x <0.5).

Figure 3 XANES spectra near the Ce K, La K, and Gd K of Cei.xLax0O>-5 and Ce1xGdxO»-

5.

Figure 4 Fourier transforms (FTs) of k*>-weighted EXAFS oscillation of LDC and GDC.

Figure 5 Ln-O inter atomic distance in Ce1xLnxO25(0 <x <0.5) (Ln = La, Gd).

Figure 6 Ln-Ln inter atomic distance in Cei.xLnxO2-5 (0 < x < 0.5) calculated by second

shell (Ln = La, Gd).

Scheme 1 Identical model of LDC and GDC at x =0.5.

Figure 7 Ln-Ln inter atomic distance in CeixLnxO2.5 (0 < x < 0.5) calculated by second



shell (Ln=La, Gd).

Figure 8 Electrical conductivities of Ce1xLnxO2-5 (Ln = La, Gd) (0 <x <0.5) in air.
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Figure 1 The conductivity of different doping amount in LDC material*4,

Table 1 XAFS analysis condition and obtained parameters of 1st shell for LDC and GDC.

Table 2 XAFS analysis condition and obtained parameters of 2nd shell for LDC and GDC.

Figure 2 The lattice parameters of Ce14LnxO2s (Ln=La, Gd) (0=x=0.5).

Figure 3 The EXAFS spectra near the CeK, LaK and GdK of Ce1.xLax02-5 and Ce1.xGdxOz-s .

Figure 4 Fourier transforms (FTs) of k3-weighted EXAFS oscillation of LDC and GDC.

Figure 5 Ln-O inter atomic distance in Ce1xLnx02.5 (0=x=0.5) (Ln=La, Gd).

Figure 6 Ln-Ln inter atomic distance in Ce1xLnxO2.5 (0=x=0.5) calculated by 2 shell (Ln=La, Gd).

Scheme 1 The identical model of LDC and GDC at x=0.5.

Figure 7 Ln-Ln inter atomic distance in Ce1xLnxO2.5 (0=x=0.5) calculated by 2 shell (Ln=La, Gd).

Figure 8 Electric conductivities of Ce1xLnx02-s(Ln=La, Gd)(0=x=0.5) in the air.



