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Microstructures and segregations of dopants and associated oxygen vacancies in gadolinium-doped
ceria (GDC) have been characterized by high-resolution transmission electron microscopy
(HRTEM) and scanning TEM (STEM). Diffuse scattering was detected in 25 at. % GDC (25GDC)
in comparison to 10GDC, which is ascribed to nanodomain formation in 25GDC. HRTEM,
dark-field, and STEM Z-contrast imaging investigations all provide direct evidence for dopant
segregation in doped ceria. It is illustrated that dopant cations cannot only segregate in grain interior
forming larger nanodomains but also at grain boundary forming smaller ones. Detailed analyses
about nanodomain formation and related dopant segregation behaviors are then elucidated. © 2011

American Institute of Physics. [doi:10.1063/1.3556650]

Approaching to higher ionic conductivity is critical for
intermediate temperature solid oxide fuel cells (IT-SOFCs)
and has been actively sought for many years.l’2 Rare-earth
doped ceria has emerged as one promising alternative to con-
ventional yttria-stabilized zirconia for IT-SOFCs due to its
relatively high conductivity.3 Nevertheless, ionic conductiv-
ity is sensitive to dopant type and concentration. The ionic
conductivity will go through a maximum at a certain doping
level (10-20 at. %) but then decrease even though it is far
below dopant solubility.3 “ One possible reason is the cluster-
ing of defects,* and another is grain boundary resistance
originated from the space charge layer.5 It is also reported
that lattice distortion in heavily doped ceria can be ascribed
to conductivity decrease.’ Recently, investigations elucidated
that nanodomains widely observed in rare-earth (Y,7 La,8
Sm,g’10 Gd,g’11 Tb,12 Dy,lo’13 Ho,14 and ng’lo) doped ceria,
could be responsible for the conductivity decrease. The nan-
odomains, with local ordered structures, can reduce
the mobility of oxygen vacancies, leading to a decrease in
ionic conductivity. Similarly, dopant segregation in nan-
odomains is also anticipated. Even though dopant segrega-
tion have been theoretically deduced decades ago,15 direct
experimental approaches to clarify such behaviors are ham-
pered by relatively low doping concentration and analytical
sensitivity of the techniques employed. Moreover, such nan-
odomains were only observed at grain interior, and investi-
gations of spatial distributions of dopants at intergranular
region, are still insufficient. Since the distribution and segre-
gation of dopants has strong influences on microstructures
and other properties of materials,'® it is essential to obtain
detailed understanding of such behaviors in order to develop
high quality electrolytes and ionic conductors.

To seek direct evidence of dopant segregation in doped
ceria, we made use of a combination of various
techniques, namely, high-resolution transmission electron
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microscopy (HRTEM), selected-area electron diffraction
(SAED), electron energy loss spectroscopy (EELS), dark-
field (DF) imaging and high-angle annular DF (HAADF)
imaging operated in scanning TEM (STEM) mode.
Gadolinium-doped ceria (GDC) was selected as the mode
system because of its highest ionic conductivity among
doped ceria electlrolytes.z‘4 GDC nanopowders were synthe-
sized by ammonium carbonate coprecipitation method.® Cal-
cined nanopowders were isostatically pressed into cylindrical
pellet and the compact green body was sintered at 1400 °C
for 6 h to produce dense ceramic tablet. Microstructural fea-
tures were characterized by a HRTEM (JEOL JEM-2000EX)
and a STEM (FEI, Tecnai F20) equipped with a HAADF
detector. Owing to different scattered angles of different el-
ements, HAADF imaging is effective for local characteriza-
tion of heterogeneities and spatial distributions of various
constituents by being directly related to chemical contrast in
the images.

Figure 1 compares GDC samples with different dopant
concentrations. SAED patterns clearly demonstrate that as
dopant concentration increases from 10 to 25 at. %, diffuse
scatterings begin to appear. Their appearance indicates that
the short-range ordered structure occurs in 25GDC. Further-
more, EELS investigation of oxygen K edge reveals a sig-
nificant enhancement of B peak in 25GDC [Fig. 1(i)]. Such a
fine structure evolution in EELS spectrum can be interpreted
as a result of the enhancement of local oxygen vacancy
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FIG. 1. (Color online) SAED patterns of 10GDC [(a), (c), (e), and (g)] and
25GDC [(b), (d), (f), and (h)] observed from different ZA; (i) is the com-
parison of EELS results of oxygen adsorption K edge of 10GDC and
25GDC, respectively.
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FIG. 2. (Color online) (a) HRTEM image of one grain interior in 25GDC,
inset is the corresponding diffractogram; (b) is the related IFFT result of (a)
by excluding diffraction spots originating from fluorite ceria. (c) HRTEM
image of nanodomain observed at grain interior in 25GDC, inset is the
related SAED pattern; (d) is the corresponding DF image. () STEM BF
image of nanodomain observed at grain interior in 25GDC; (f) is the corre-
sponding HAADF image.

ordering.17 These results indirectly suggest that nanodomain
formation is associated with enhanced ordering of oxygen
vacancies, which is consistent with previous reports.g’lo Also,
it is expected that dopant cations will aggregate and segre-
gate in doped ceria and lead to nanodomain formation. In
order to address this issue, further investigations of dopant
distribution and segregation behaviors in heavily doped ceria
are needed and thus have been conducted afterwards.
Figure 2(a) is a bright-field (BF) HRTEM image of
25GDC and the corresponding diffractogram is inserted. A
slight lattice distortion accompanied with brighter contrast in
the ceria lattice can be clearly seen. Extrapolating the diffrac-
togram by filtering matrix information, only a specific region
is retained in the related inverse fast Fourier transform
(TFFT) image [Fig. 2(b)]. It is demonstrated that such region
is different from its neighboring ceria as the origin of newly
appeared diffraction features in the diffractogram. Due to the
inhomogeneity of doped ceria, this region can be recognized
as a nanodomain arising from the segregation of dopants as
aforementioned. Figure 2(c) represents another nanodomain,
denoted by a dashed line and embedded in a fine-grained
ceria while with slightly distorted microstructure to that of
adjacent matrix. However, since HRTEM is the phase-
contrast imaging, the contrast cannot be necessarily intu-
itively interpreted. Therefore, other techniques, especially
those with chemical analysis, should be employed. From cor-
responding SAED pattern [the inset in Fig. 2(c)], the diffused
scattering feature near the central electron beam (highlighted
by the circle) was selected to perform DF imaging. Related
DF image [Fig. 2(d)] shows that the nanodomain exhibits
bright contrast while nearby region is dark. Therefore, it pro-
vides strong evidence that the appearance of diffuse scatter-
ings that has been widely observed in rare-earth doped ceria
should be ascribed to nanodomain formation. Figure 2(e) is
the STEM BF image of one grain interior in 25GDC. The
strong intensity difference between the nanosized region and
matrix indicates the formation of a nanodomain. To verify
such assumption, STEM HAADF imaging is conducted in
the same area and the related HAADF image is represented
in Fig. 2(f). Note that the strong intensity only appears at the
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FIG. 3. (a) BF TEM image of one typical intergranular region observed in
25GDC; (b) is the corresponding DF image revealing that the grain bound-
ary with bright contrast is ascribed to the diffuse scattering in SAED pattern;
(c) is the zoomed in region denoted by dashed square in (b), clearly dem-
onstrating the dopant segregation at grain boundary.

same region as in Fig. 2(e), while with inverse contrast. Due
to its chemical sensitivity to constituent elements of HAADF
imaging, it indicates that such a bright region in Fig. 2(f)
should be attributed to the presence of elements with higher
atomic number (high-Z) than those in the dark region. In this
case, Gd (Z=64) is the only heavier element than host ce-
rium (Z=58) in the 25GDC sample. It is thus easier to dis-
tinguish lattice sites with the assembly of Gd or Ce cations.
Additionally, the intensity contrast difference only occurs in
the nanosized region while neighboring ceria is homoge-
neous with even contrast, which excludes the possibility of
contrast modulation induced by height difference in such a
small area. Therefore, Fig. 2(f) illustrates the enrichment of
Gd at nanodomain region and supports previous hypothesis
that nanodomain was formed due to the aggregation and seg-
regation of dopants.g_'4

Since plenty of grain boundaries are presented in poly-
crystalline ceramics, it is reasonable to assume that these
boundaries also have strong effect on dopant distribution and
segregation behaviors. This is because that grain boundary is
usually considered as the defect center in polycrystalline ma-
terials and has larger volume than grain interior as the ac-
commodation of extra atoms, ions, impurities, or defects.'®
Even though dopant segregation at grain boundary in GDC
has been assumed or expected to exist in previous
studies,l&19 direct evidence is still deficient. Therefore, dop-
ant segregation at grain boundaries has also been sought in
this work. Figure 3(a) is a typical TEM BF image showing
the intergranular region in 25GDC. The target grain was
tilted along [110] ZA to ensure the grain boundary plane was
approximately parallel to the incident electron beam. The
diffuse scattering in SAED pattern was selected for DF im-
aging, and the corresponding DF image is shown in Fig. 3(b)
with bright contrast in grain boundary in comparison to vici-
nal grain interiors with dark contrast. This implies that the
grain boundary with enhanced brightness is enriched in con-
stituents different from those in vicinal grain interiors. Figure
3(c) is a magnified region at the grain boundary denoted by a
dashed square in Fig. 3(b). Note that separated nanodomain
with brighter contrast, denoted by arrows in Fig. 3(c), occur
at the highlighted grain boundary. These bright nanodomains
can be easily discerned at grain boundaries in DF image,
indicating a difference in microstructures or compositions
between them and neighboring grain interiors. It is believed
that formation of such nanodomains is accounted by dopant
adsorption and segregation at the grain boundary. This acces-
sible since it has been widely acknowledged that grain
boundaries can act as infinite sources and sinks for atoms or
vacancies, - and meost dopants or impurities can thus be
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FIG. 4. (Color online) Schematic diagram illustrates the morphology dis-
crepancy of dopant segregation at grain interiors and grain boundaries, as-
sociated with the grain growth during sintering process.

trapped to accommodate at grain boundaries or multiple
grain junctions where more adsorption sites can be
provided.20 Analogous phenomenon, the Gd enrichment at
grain boundary in 25GDC, has been verified by laser-assisted
three-dimensional atom probe recently.21 Our recent detec-
tions also illustrate that rare-earth elements can diffuse and
segregate at grain boundaries.”> Similar observation that
rare-earth element (La) is preferentially segregated at grain
boundary has also been demonstrated in La/SizNy
ceramics.”> However, such dopant segregation at grain
boundary is quite different from the solute segregation to
grain boundaries reported in MgO-doped Al,O5 and Y-doped
Ti02.24 Although detailed mechanism is unclear here, it is
reasonable to assume that the dopant-defect interaction is the
driving force for dopant segregation rather than the solute
segregation at grain boundary. Besides nanodomain forma-
tion in grain interior, it reveals that grain boundary segrega-
tion can contribute to the appearance of diffuse scattering
features in SAED patterns as well.

Note the discrepancy of nanodomain morphology; the
size of nanodomains detected in grain interiors is much
larger than that at grain boundaries. This can be rationalized
by taking into account the sintering process as follows. Ini-
tially, dopants randomly distribute in polycrystalline ceria
[Fig. 4(a)]. The high temperature sintering proceeding will
consequently enhance the mobility and interactions of dop-
ants and associated oxygen vacancies. This will lead to ag-
gregation of all heterogeneities in the ceria matrix [Fig.
4(b)]. On the other hand, grain growth will also occur [Fig.
4(b)]. Nearby contact grains will grow and coalescence will
simultaneously take place, at the expense of related grain
boundaries. This will further enhance the diffusivity, aggre-
gation, and segregation of dopants and associated oxygen
vacancies, arising from the decrease in block/trap effects
caused by gain boundaries. Particularly, when some grain
boundaries disappear, it can also be interpreted that the initial
aggregation/segregation of dopants or oxygen vacancies at
the grain boundaries actually occurs at the newly appeared
grain interiors [Fig. 4(c)]. This can illustrate the final mor-
phology that larger nanodomains widely exist in grain inte-
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riors while those of much smaller size are located at grain
boundaries [Fig. 4(d)].

To summarize, nanodomain formation, associated with
oxygen vacancy ordering and dopant segregation, has been
characterized by comprehensive TEM techniques, including
high resolution imaging, SAED, EELS, DF, and HAADF
imaging. SAED studies demonstrate the formation of short-
range ordered structures as dopant concentration increases,
which is attributed to nanodomains formation, accompanied
with enhanced oxygen vacancy ordering verified by EELS
analyses. Based on HRTEM, DF, and STEM HAADF imag-
ing investigations, this study provides unambiguous verifica-
tion of nanodomain formation at grain interior associated
with dopant segregation. Furthermore, it also reveals that
dopant cations not only segregate at grain interior in bigger
size but also at grain boundaries in smaller size. We strongly
believe that these investigations will significantly assist a
comprehensive understanding of dopant distribution and seg-
regation behaviors in rare-earth doped ceria, related micro-
structures evolution and the development of ceramic materi-
als in SOFCs applications.
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