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ABSTRACT

Gd 3
' doped Ce oxides are a major candidate for use as the electrolyte in solid oxide fuel cells

operating at -500 'C. Here, the effect of the atomic structure on the local electronic properties,
i.e. oxygen coordination and cation valence, at grain boundaries in the fluorite structured
Gdo.2Ceo.802-. ceramic electrolyte is investigated by a combination of atomic resolution Z-
contrast imaging and electron energy loss spectroscopy (EELS) in the scanning transmission
electron microscope (STEM). In particular, EELS analyses from grain boundaries reveals a
complex interaction between segregation of the dopant (Gd3+), oxygen vacancies and the valence
state of Ce. These results are similar to observations from fluorite-structured Yttria-Stabilized
Zirconium (YSZ) bicrystal grain boundaries.

INTRODUCTION

Gd3
' doped Ce oxides are highly attractive candidates as electrolytes for solid oxide fuel cells

operating at -500 'C [ 1,2]. Like YSZ, the high oxygen conductivity has a structural origin, i.e.
the fluorite structure has the highest capacity for oxygen vacancies while the cation sublattice
holds the cubic structure of the bulk without collapsing [3]. For their successful commercial
implementation, a full understanding of the defect chemistry in the bulk and at grain boundaries
is essential. In particular, the contribution of the grain boundaries to the total ionic conductivity
through such effects as the segregation of dopants, vacancies and impurities is of crucial
importance [4].

The route to characterizing oxide materials on this level is afforded by the combination of Z-
contrast imaging [4] and EELS [5] in the STEM. These correlated techniques [6] allow direct
images of crystal and defect structures to be obtained, the composition to be quantified and the
effect of the structures on the local electronic properties (i.e., oxygen coordination and cation
valence) to be assessed [7]. Here the effect of the atomic structure on the local electronic
properties, i.e. oxygen coordination and cation valence at grain boundaries of the fluorite
structured Gdo]2Ceo.gO 2_x ceramic membrane material is investigated by a combination of Z-
contrast imaging [5] and EELS [6] in the JEOL 2010F STEM [7]. These results are compared
with atomic resolution Z-contrast imaging and EELS analyses of a model symmetric [001] tilt
grain boundary YSZ [8]. The use of the model system for comparison is required to obtain a
detailed understanding of the atomic scale phenomena in ceramics, as the polycrystalline nature
of Gdo.2Ceo.802- ceramic membrane material makes it almost impossible to locate the ideal
zone-axis orientation required to image the boundary plane.
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SPECIMEN
The composite membrane material consisting of polycrystalline Gdo..Ces0 2 , and Pd metal

grains was provided by BP Amoco Chemicals, which was sintered from high purity pre-mixed
powders at high temperature with the Gd/Ce ratio of 0.2. (Pd permits the electrons to be
transported). The oxygen permeation experiments were performed at 950'C where one face was
in contact with air and the other was in contact with H2/CO, with pO2 = I x 10-15 atm (H2/CO2 =
85/15). For the present study, grain boundaries directly connected to Pd metal grains were
excluded in order to characterize pure ceramic-ceramic grain boundaries (EELS and energy
dispersive x-ray spectroscopy analysis confirmed the boundaries analyzed here were free from
Pd). The YSZ symmetric 240 [001 ] tilt bicrystal stabilized in the cubic form with -10 mool %
Y20 3 doping was purchased from Shinkosha Co., Ltd. Japan. For both materials. TEM samples
were prepared by standard procedures, mechanically polished and then thinned by argon ion
milling to electron transparency.

EXPERIMENTAL TECHNIQUES

The experiments were performed on a 200kV Schottky field emission JEOL 201 OF
STEM/TEM at the University of Illinois at Chicago, equipped with an ultra high-resolution
objective lens pole piece, a JEOL annular dark field detector (ADF) for Z-contrast imaging, and
a Gatan imaging filter (GIF) for EELS [7]. In this study, a probe size of 0.2 nm with a
convergence angle of 13 mrad was used. The inner radius of the ADF detector was 52 mrad. Due
to the dominant contribution of Rutherford scattered electrons in this imaging condition, the
image contrast is approximately proportional to Z2 where Z is the atomic number. Consequently,
more than 95% of the intensity in the Z-contrast images from these ceramic materials is due to
electrons scattered by the cations and less than 5% from oxygen.

The low-angle scattered electrons, not intercepted by the ADF detector, were used for
simultaneous EELS. EELS enables us to probe atomic scale fluctuations in composition and the
effect of the local atomic structure on the electronic properties (i.e. oxygen coordination and
cation valence) [9]. Energy shifts and the fine structure of the ionization edges reflect the atomic
arrangement and bonding effects in the specimen. Combined with Z-contrast imaging in the
STEM, it is possible to obtain spectra with atomic spatial resolution [6]. The Z-contrast image
can therefore be used as a map to position the probe at the specified locations in the structure to
obtain atomic scale information on the composition and bonding.

Each spectrum was acquired for 4 seconds for YSZ and 3 seconds for Gd0. 2Ce0.X0'sO,
respectively. The probe position was checked after acquisition of each spectrum to make sure
that the specimen drift was minimal (< 0.1 rim). A series of spectra were acquired at every
position and summed up during post-acquisition data processing. This reduces the effects of drift
and allows beam damage to be monitored (no appreciable beam damage was detected.). In all the
spectra, plural scattering effects were removed by deconvolution with a low-loss spectrum [5].

RESULTS

YSZ 2rain boundary

A symmetric 240 [001] tilt YSZ grain boundary was investigated as a model fluorite structure
grain boundary [8]. Figure l(a) shows an atomic .resolution Z-contrast image of the grain
boundary. Bright spots in the image represent the cation sub-lattice (Zr and/or Y columns).
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Figure 1: (a) Z-contrast image of a symmetric 24° [001] tilt grain boundary in YSZ. (b) a
schematic of the grain boundary structure.[l 0] (c) EEL spectra from the bulk and grain
boundary. Background before Y M45 is removed. [8]

Based on this Z-contrast image and the bulk crystal structure of YSZ, a possible schematic of
the grain boundary atomic structure is shown in figure 1 (b). This structure is consistent with
previous analysis by Z-contrast imaging, and contains partially occupied columns [ 10]. Figure
1 (c) shows the EEL spectra acquired from the bulk and grain boundary of YSZ. Main differences
between the two spectra include (1) a 1.5 eV shift to higher energy of the Zz3-peak at the grain
boundary, and (2) a change of the 0 K near-edge structure (not shown) (this change in bonding
character is a sign of the distortion of cubic symmetry at the grain boundary [11l]). In addition, at
the grain boundary there is (3) an increase of Zr and Y M 3iM2 ratio, (4) an increase of the Y/Zr
ratio, and (5) a decrease of 0/Zr and O/Y ratios. (1) and (3) indicate an increase in the number of
electrons in the boundary plane. This is consistent with the excess segregation of 0 vacancies (5)
although it is partially compensated by the segregation of Y (4). This may cause the increase of
the number of electrons in the conduction band at the boundary.

~0Gd oz Ce0.0 5?-xran oudr

Figure 2 shows typical 0 K- and Ce Ma5-edges of bulk Gd0 2 Ceo080 2 -x The principal features
of the near-edge fine structure are clearly resolved. These are very similar to those of CeO 2
(Ce 4+) [ 12]. The 0 K-edge of CeO2 is due to transitions from the 1ls ground state to the p-like
component of hybrid Ce 4f and 0 2p energy levels (pre-edge (A)) and to the unoccupied 0 2p-
like states hybridized with the crystal-field split Ce d-states, i.e. e0 (B) and t30 (C). Notice that the
0 K-edge of bulk YSZ does not have the pre-edge equivalent to (A). The sharp Ce M4s peaks aredue to transitions of 3d core electrons (3do/2 for M5 and 3d312 for M4 due to spin orbit coupling) to
unoccupied states of f-like symmetry (the much weaker 3d -- p edge is masked). The satellites
(Y, Y') are thought to originate from transitions to 4f states in the conduction band, and these
satellites have been used to estimate the degree of delocalization of the f-electrons (strong
covalency hybridization between Ce 4f and 0 2p).
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Figure 3 shows the 0 K- and Ce M4 s-edges across the grain boundary between Grain A and
B. At the grain boundary there is, (1) a decrease of the pre-peak A and t2, peak C, (2) an increase
of Cc M5/M 4 ratio and slight broadening of the peaks, (3) a chemical shift of Ce M 45 to lower
energy-loss (1.5 eV), and (4) a decrease of the satellite peaks Y and Y' of Ce M 45 . (I) and (3)
may indicate the reduction of 0 2p-Ce d and 0 2p-Ce 4f hybridization at the grain boundary,
respectively. (2), (3) and (4) indicate increase of Ce-3 at the grain boundary. This is also
consistent with the change of the 0 2p hybridization.
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Figure 2: EEL spectra of bulk Gd1 .2Ceo.80 2 , with high energy resolution. (a) 0 K-edge
(b) Ce M45-edges. (c) O K-edge of YSZ bulk for the comparison.
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Figure 3: (a) Z-contrast image of a Gdo.2Ceo.gO,_, grain boundary (not aligned to a specific
orientation but close to [110]). Points where EEL spectra were acquired are indicated. The
numbers correspond to spectra in (b). (b) Oxygen K- and Ce M4 5-EEL spectra across the grain
boundary. Both 0 K- and Ce M4 5-edges were acquired simultaneously.
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Figure 4: (a) Ce and Gd M45-EEL spectra from the bulk and the grain boundary of a
Gdo. 2Ceo.80 2.x. Both are on the same scale but shifted for the clarity. Same acquisition condition
(b) The Ce M5/M4 ratio, Gd/Ce and O/Ce atomic ratios profiles across the grain boundary [8].
Numbers correspond to those in Figure 3.
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Figure 5: (a) Atomic resolution Z-contrast image of a GdO.ECeo.80 2-x grain boundary
between grain A and B. (B is aligned to [110]). Points where EEL spectra were acquired
are indicated. The numbers correspond to spectra in (b). The inset is a FF17 of the image,
indicating 170 tilt. (b) Ce M45-EEL spectra around the grain boundary.
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Figure 4 shows the segregation of the Gd and 0 vacancies at the grain boundaries and their
close correlation with the change of the Ce M5/M4 ratio (valence state). The levels of Gd
segregation and oxygen vacancies are similar to those in YSZ, and the effect on the Ce M4.5-edge
is analogous to that oin the Zr M2.3-edge. The composition at the grain boundary is calculated to
be Gd.4141 .04CeCO.59±-f1 401 .244+-I.[7. According to the reference of the M5/M4 values [13], the
fraction of Ce 3

' at the grain boundary is estimated to be 70% by assuming a linear interpolation.
Therefore, for this grain boundary, the excess of electrons near the grain boundary in this sample
was derived to be 0.7 ± 0.35 per formula unit.

The above results are also supported by the preliminary atomic resolution EELS analysis of
the same boundary (Figure 5).

CONCLUSIONS

The interplay between oxygen vacancies, dopant distribution and valence state of Ce (Zr) at
grain boundaries of the fluorite structured YSZ and Gdo. 2Ceo.8-O 2, ceramic electrolyte has been
studied by a combination of atomic resolution Z-contrast imaging and EELS in a STEM. The
majority of the grain boundaries exhibit segregation of Gd and oxygen vacancies. The Ce M45-
edge analyses indicate a decrease of the valence state. Observation of the O K-edge near-edge
fine structure also indicates changes in local atomic environment between the bulk and the
boundary, consistent with the change of the valence state of Ce. The results from the
Gdo.2Ce+.8O_,- are consistent with those from YSZ grain boundary, implying that the present
observation may be common features at the grain boundaries in many fluorite structure materials.
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