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Intragranular distributions of composition and valent state in sintered Tb-doped ceria have been
systematically investigated. Through detailed studies of electron energy loss spectroscopy and

energy filtering

transmission electron microscopy,

both compositional and valent state

inhomogeneities of Ce and Tb were confirmed, which are related to the existence of nanosized
domains in Tb-doped ceria. Compared with their matrix, the domains have higher Tb concentration
and Ce and Tb cations in the domains tend to be trivalent. Furthermore, ordering of oxygen
vacancies in the domains, which increases with increasing doping concentration, has been
determined by EELS. © 2007 American Institute of Physics. [DOI: 10.1063/1.2738409]

I. INTRODUCTION

Ceria-based oxides have been widely used as three-way
catalysts,l’2 oxygen permeation membranes,” oxygen gas
sensors,” as well as electrolytes and electrodes of solid oxide
fuel cells (SOFCs). Among these doped ceria materials, Tb-
doped ceria presents electrical properties of mixed conduc-
tors (electronic and ionic), which can be of interest for their
potential applications as electrodes for intermediate tempera-
ture SOFCs and for oxygen membranes.® Furthermore, Tb-
doped ceria continues to attract attention because it has been
shown to be advantageous for the performance of three-way
catalysts.L9 In contrast to other widely studied rare-earth-
doped ceria materials, in which the dopant cations are triva-
lent (such as Y3*, Gd**, and Sm**) and Ce is dominantly
tetravalent, Tb and Ce in Tb-doped ceria have shown mixed
valence (trivalent and tetraval<=,nt),6’10’11 which can, in turn,
contribute to the mixed conduction and the catalytic prop-
erty. For this reason, it is technologically important to under-
stand their valence behaviors in Tb-doped ceria.

Recently, nanosized domains in various ceria-based ox-
ides [such as La®*-,'> Sm3*-,"*!* Dy3+_ 15 and Y3*'!7 _doped
ceria] have been observed using high resolution transmission
electron microscopy (HRTEM). A study of energy filtering
transmission electron microscopy (EFTEM) in Y-doped ceria
indicated that the dopant cations could segregate in the
domains.'® Consequently, oxygen vacancies may be attracted
by the domains.'”'® Although the crystal structure of the do-
mains remains unclear, it has been anticipated that the oxy-
gen vacancies in the domains are partly ordered." Because
the mobility of oxygen vacancies can be decreased by order-
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ing, the domains would have a negative impact on the ionic
conduction of doped ceria. In the case of Tb-doped ceria,
domains were also observed,ll but their detailed composi-
tional and valent state characteristics remain unclear. It is
expected that the formation of the domains in Tb-doped ceria
should be related to a compositional inhomogeneity, i.e., the
segregation of dopant cations in the domains. Furthermore,
since both Ce and Tb have mixed valence in this material,
the valent state of the cations may also influence the forma-
tion of the domains and thereby the electrical properties of
Tb-doped ceria. For these reasons, both the compositional
and valent state characteristics in Tb-doped ceria deserve a
detailed investigation.

In this study, the distributions of composition and valent
state in Ce;_,Tb,0,_s5 (0=x=0.50) sintered samples and the
ordering of oxygen vacancies in the domains are studied sys-
tematically by using EFTEM and electron energy loss spec-
troscopy (EELS). The relationship between the composi-
tional and valent state distributions and the formation of the
domains is discussed.

Il. EXPERIMENTAL

Four highly dense Ce,_,Tb,0,_s (x=0, 0.1, 0.25, and
0.50) sintered samples were prepared from nanopowders
synthesized via the ammonium carbonate coprecipitation
method. A detailed description of the process of powder syn-
thesis can be found in Ref. 20. The powders were isostati-
cally pressed under 200 MPa pressure to form compacts
which were heated to 1400 °C at a rate of 5 °C/min in air.
After holding for 6 h, the samples were cooled to room tem-
perature at a rate of 5 °C/min.

In the preparation of transmission electron microscopy
(TEM) specimens, small disks with a diameter of 3 mm were

© 2007 American Institute of Physics
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FIG. 1. (Color) (a) Ce and (b) Tb M, 5 edges of Ce,_,Tb,O,_s samples. The
insets illustrate the calculation of integral intensities of M, and M5 peaks [, M,
and I,_.

5

cut with an ultrasonic cutter from the sintered samples. The
disks were thinned to a thickness of ~70 um by mechanical
grinding and dimpled to a central thickness of ~30 um, fol-
lowed by ion beam thinning. TEM investigations were per-
formed using a JEOL JEM 2000EX TEM. EFTEM and
EELS were conducted on a FEI Tecnai G> F30 TEM
equipped with a Gatan imaging filtering system and operated
at an accelerating voltage of 300 kV. The EELS spectra were
acquired using a collection aperture size of 2 mm, an acqui-
sition time of about 2—-3 s and an energy dispersion of 0.3
eV per channel. After calibration of the spectra, the back-
ground was removed using a power-law technique.21

lll. RESULTS
A. Compositional and valent state characterization

The mixed valence of Ce and Tb in the samples was
examined by using EELS. Figure 1 shows the Ce and Tb
M, 5 edges of all sintered samples. These spectra were taken
from large areas (about 100 nm) in the samples, so they
should correspond to the average compositions of the

J. Appl. Phys. 101, 113528 (2007)

TABLE 1. 1,1,,5/1,1,,4 values of Ce and Tb M, 5 edges and /I values of the
oxygen K edge of Ce;_, Tb,O,_s samples

Iy /1y,
Tb concentration x Ce Tb I/l
0.00 0.66 0.64
0.10 0.72 1.31 0.77
0.25 0.72 1.86 0.80
0.50 0.72 1.83 0.90

samples. The two peaks (labeled M, and M) reflect the tran-
sitions of 3d core electrons to unoccupied states of p- and
f-like symmetry. Their relative intensities could be used to
determine the occupancy of the 4f orbital and, hence, the
valence of lanthanide cations.”*** Practically, the intensity
increase of M5 peak indicates an increase in trivalent cation
concentration of lanthanides.””® In this study, to qualita-
tively estimate the trivalent cation concentration in all sin-
tered samples, the comparison of relative intensities of M,
and M peaks for a given sample and a given element (Ce or
Tb in this case) was carried out by comparing the integral
intensities of the corresponding M, and M5 peaks (i.e., [ M,
and [, Ms)' Each integral intensity was calculated using energy
windows with a width of 16 eV for Ce and 20 eV for Tb (as
illustrated by the insets in Fig. 1), respectively. The [ Ms/ Iy,
values were then calculated and listed in Table I. As can be
seen from Table I, the [ Ms/ Iy, values for Ce in all Tb-doped
ceria samples are almost the same, but slightly larger than
that of pure ceria, indicating that all Tb-doped ceria samples
contain a small amount of Ce** cations. On the other hands,
the IM5/1M4 value for Tb increases with increasing doping
concentration, indicating that the heavily doped ceria
samples have higher content of Tb>* cations.

Next, the intragranular distributions of composition and
valent state of cations were studied. To observe the compo-
sitional distribution in the sintered samples, EFTEM was
used to perform the elemental mapping. Because of the high
intensities of Ce and Tb N, 5 edges, EFTEM elemental maps
of Ce and Tb were obtained by using N, s edges with an
energy window of 10 eV opened on the edges. The three-
window power-law te:chnique21 was used to subtract the
background. If the sample is uniformly thin and deviates
away from the strong Bragg reflection conditions, the bright-
ness of the map is proportional to the composition of the
mapping element.”! Figure 2 shows Ce and Tb maps of
Ce_, Ib,0,_s samples with x=0.10 and 0.50. We chose uni-
formly thin TEM foil to perform EFTEM, so that the uneven
contrast shown in Fig. 2 suggests that the compositional dis-
tribution of both Ce and Tb is inhomogeneous in the two
samples. Dark regions in the Ce map with a size between
10-20 nm (enclosed by dashed lines) are bright in the Tb
map, indicating that these regions have a higher Tb concen-
tration than their surrounding matrix. The density of such
compositional inhomogeneity is higher in the sample with
higher Tb concentration. In our previous study,ll nanosized
domains were observed by HRTEM. Because the size and
distribution of these regions in Fig. 2 are similar to the do-
mains, we believe that these regions are the domains and
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FIG. 2. Elemental maps of Ce and Tb of Ce,_,Tb,O,_s samples with x
=0.10 and 0.50.

there is a compositional inhomogeneity between the domains
and the matrix. The compositions of the domains and the
matrix were further confirmed by EELS as the electron beam
was focused on the domains and the matrix, respectively. As
given in Table II, in the sample with x=0.50, the Tb concen-
tration of a domain was measured to be 52 at. %, while the
Tb concentration of its surrounding matrix decreased to
43 at. %. However, because the domains are well dispersed
in the matrix, it is difficult to totally separate the domain and
the matrix during the EELS analysis. Therefore, the actual
compositional difference between domains and the matrix
can be larger than the measured result.

Furthermore, it was found that the compositional inho-
mogeneity is always accompanied by an uneven distribution
of the valent states of Ce and Tb. Figure 3 shows EELS
spectra of Ce and Tb M, s edges of a domain and its sur-
rounding matrix in the sample with x=0.50, which were nor-
malized with respect to the intensity of the peak M,. The
I Ms/ Iy, values were also calculated and given in Table II. It
is clearly shown that the IMs/ I M, values of both Ce and Tb in
the domains are higher than those of the matrix, indicating
that both Ce** and Tb** cations segregate in the domains.

B. Ordering of oxygen vacancies in the domains

Figure 4 shows selected area electron diffraction
(SAED) patterns from two samples with x=0.10 and 0.50,
taken from different zone axes [110] and [112]. Strong re-
flections of the typical fluorite structure can be seen in all
SAED patterns, indicating that all samples contain mainly
fluorite structure. However, as the Tb concentration in-
creases, weak diffuse scattering and extra reflections as indi-
cated by arrows can be clearly seen. As mentioned previ-
ously, the density of the domains increases with increasing
doping concentration. Taking these two facts into account, it

TABLE II. Compositions, 7, M5/ Iy, values of Ce and Tb M, 5 edges, and
Ip/1 values of the oxygen K edge of a domain and its surrounding matrix in
the Ce( sTby50,_s sample

Composition ]M;/]M4
(atomic ratio) ‘
Ce Tb Ce Tb Iyl
Domain 0.48 0.52 0.83 1.75 1.03
Matrix 0.57 0.43 0.70 1.41 0.81

J. Appl. Phys. 101, 113528 (2007)
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FIG. 3. (a) Ce and (b) Tb M, 5 edges of a domain and its surrounding matrix
in the Ce(sTb50,_s sample.

can be suggested that the diffuse scattering and extra reflec-
tions are related to the domains and that the domains have an
ordered structure that is different than the fluorite-structured
matrix. Since the aforementioned results have demonstrated
that trivalent cations tend to segregate in the domains, the
oxygen vacancies may be trapped by the domains due to the

[110] [112]

x=0.10

x=0.50

FIG. 4. [110] and [112] SAED patterns of Ce;_,Tb,O,_s samples with x
=0.10 and 0.50.
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FIG. 5. (Color) Oxygen K edges of Ce;_,Tb,O,_s samples. The inset illus-
trates the calculation of integral intensities of peaks B and C, I and /.

requirement of electrical neutrality. This can be supported by
theoretical calculations, which showed that the neutral clus-
ters are more thermodynamically favorable than the clusters
containing only dopant cations or oxygen vacancies.””* As a
consequence, the domains would have a higher concentration
of oxygen vacancies and, in turn, the ordered structure of the
domains possibly involves an ordering of these oxygen va-
cancies.

To confirm the hypothesis of ordering of oxygen vacan-
cies, EELS investigation was carried out, since previous
studies have demonstrated that the ordering of oxygen va-
cancies in nonstoichiometric oxides can be determined from
the near edge fine structure of the oxygen K edge.lg’29 Figure
5 shows oxygen K edges for all samples taken from large
areas, so that the results should correspond to the average
results. Three peaks, marked by A, B, and C, can be seen in
Fig. 5. Peak A results from the hybridization between oxygen
and Ce** cations,30’31 which is obvious in pure ceria and
becomes weak in doped ceria because of the decrease of the
Ce concentration in doped ceria. As for the case of peaks B
and C, previous studies have shown that the relative intensi-
ties of the peaks can be influenced by the -crystal
structure’™*! and the enhancement of peak B could be due to
the ordering of oxygen vacancies in nonstoichiometric
oxides.'*? To compare the relative intensities of peaks B
and C, the spectra in Fig. 5 are normalized with respect to
the intensity of peak C. The integral intensities of peaks B
and C, I and I, were calculated using energy windows with
a width of 2 eV, as illustrated by the inset in Fig. 5. The I3/1
values were then calculated and listed in Table I. As shown
in Fig. 5 and Table I, the I3/1- value increases with increas-
ing Tb concentration, indicating the increase in the ordering
of oxygen vacancies.

Furthermore, the EELS analysis reveals that this order-
ing of oxygen vacancies is mainly related to the domains.
Figure 6 shows the oxygen K edges of a domain and its
surrounding matrix in the sample with x=0.50, whose values
of Ip/1 are calculated and given in Table II. As can be noted
from Fig. 6 and Table II, the intensity of the peak B of the
domains is much higher than that of the matrix, indicating
the considerable ordering of oxygen vacancies in the do-
mains.

J. Appl. Phys. 101, 113528 (2007)
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FIG. 6. Oxygen K edges of a domain and its surrounding matrix in the
Ce(5Tb50,_s sample.

IV. DISCUSSION

The above results have shown that the compositional and
valent state inhomogeneities are related to the existence of
domains. The fact that these domains have higher dopant
concentration than the matrix is consistent with the previous
observation in Y-doped ceria.'® Based on the EFTEM
study,18 it had been suggested that the domain formation in
Y-doped ceria results from the segregation of dopant cations.
In addition to the dopant segregation, the results presented in
this study reveal that the domain formation in Tb-doped ceria
is not only related to the segregation of the dopant, but also
to the segregation of trivalent cations. Both Tb** and Ce**
cations segregate in the domains, though Ce?* is not a dopant
cation and the concentration of Ce in the domains is lower
than that in the matrix. This phenomenon has not been seen
in Y-doped ceria, in which Y is solely trivalent and Ce is
dominantly tetravalent.

We anticipate that one possible reason for the segrega-
tion of trivalent cations in the domains is that the oxygen
coordination numbers of trivalent cations and of tetravalent
cations in doped ceria with fluorite structure are different.
The oxygen coordination number should be about 8 for tet-
ravalent cations and around 7 for trivalent cations, depending
upon the dopant type and concentration.*>™ If these trivalent
cations were well dispersed in the sample with the fluorite
structure, they may result in a significant lattice distortion as
the doping concentration is high. We suspect that as some of
the trivalent cations segregate in the domains, part of the
lattice distortion is localized in or around the domains so that
the overall lattice distortion in the sample might decrease.

Based on all of the experimental results, we believe that
domain formation in Tb-doped ceria, which involves both
inhomogeneities of the composition and valent state, can be
modeled as follows. During the sintering, Tb cations, espe-
cially Tb** cations, tend to segregate in some regions as the
diffusion of cations takes place. Ce’* cations may also tend
to segregate with Tb** cations in these regions. Simulta-
neously, because of the requirement of electrical neutrality,
the oxygen vacancies are enriched in these regions with a
high concentration of trivalent cations. These segregations
could lead to the formation of nanosized domains. As the
doping concentration increases, the amount of trivalent cat-
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ions and oxygen vacancies increases, which promotes the
segregations and, in turn, the growth of domains and the
increase in the ordering of oxygen vacancies.

As suggested in a previous study,19 since the dopant cat-
ions segregate in the domains, the ordering of oxygen vacan-
cies in the domains tends to be similar than that in the oxide
of the dopant cations. In the present case, since the domains
have a higher concentration of Tb, especially Tb** cations,
than that of the matrix, we believe that the ordering of oxy-
gen vacancies is similar to that in the Tb3* oxide, i.e., Tb,05.
However, whether this ordering also involves metal atoms
remains unclear.

V. CONCLUSIONS

This EELS study showed that both Ce and Tb have
mixed valence in Tb-doped ceria and that more heavily
doped ceria has a higher content of Tb** cations. Composi-
tional and valent state inhomogeneities were observed which
are related to the existence of nanosized domains. In the
domains, Tb concentration is higher than that of the matrix
and both Tb** and Ce®* cations segregate in them. Accom-
panied by the segregation of trivalent cations, oxygen vacan-
cies are enriched in the domains and form an ordered struc-
ture, which has been confirmed by SAED and EELS studies.
As the doping concentration increases, the segregation and
oxygen vacancy ordering can be promoted. It is suggested
that both inhomogeneities of composition and the valent
state of cations are essential driving forces for the formation
of the domains.
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