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a b s t r a c t

Analytical transmission electron microscopy, in particular with the combination of energy dispersive

X-ray spectroscopy (EDX) and electron energy-loss spectroscopy (EELS), has been performed to

investigate the microstructure and microchemistry of the interfacial region between the cathode

(La0.6Sr0.4Co0.8Fe0.2O3, LSCF) and the electrolyte (Gd-doped ceria, GDC). Two types of diffusions, mutual

diffusion between cathode and electrolyte as well as the diffusion along grain boundaries, have been

clarified. These diffusions suggest that the chemical stability of LSCF and GDC are not as good as

previously reported. The results are more noteworthy if we take into consideration the fact that such

interdiffusions occur even during the sintering process of cell preparation.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The high operating temperature of solid oxide fuel cells
(SOFCs), i.e. 900–1000 1C, usually results in complex problems,
such as cell degradation, difficulties in materials selection and
other cost-effect issues [1,2]. This motivates the efforts to
decrease the operating temperature to intermediate temperatures
(500–700 1C). One dilemma facing the intermediate temperature
SOFCs (IT-SOFCs) application is the sintering temperature of
ceramics cell components. As for the compromise, the sintering
temperature should be neither too low to synthesize a fully dense
electrolyte, nor too high to lead to interactions or interdiffusions
among constituent species. For instance, the reaction between
zirconia electrolyte and La1�xSrxMnO3 cathode can lead to the
insulating layer (e.g., La2Zr2O7 or SrZrO3) formation at the
cathode/electrolyte interface [3,4]. These low conductivity zirco-
nates, or other secondary phases formed are revealed as the
predominant reason for cell degradation. It is also known that
even small amounts of segregated dopants/impurities at the
electrode/electrolyte interface can alter the properties of SOFC
materials, and consequently result in a decrease in durability and
even the overall performance of the system [5]. Therefore, the
interactions or interdiffusions among cell components should be
avoided by all means. As a consequence, the interfacial barrier
ll rights reserved.
layer is put forward to mitigate the insulating layer or impurity
phase formation between the electrode and the electrolyte [6].
Owing to the good stability to La-based perovskite cathode
materials, e.g., La1�xSrxCoO3 or La1�xSrxCo1�yFeyO3 (LSCF),
Gd-doped ceria (GDC) is regarded as a potential candidate for
the interfacial barrier layer or as an alternative electrolyte
material for IT-SOFCs [7,8]. It has been reported that the GDC
interlayers between cathode and electrolyte can inhibit interdif-
fusion and consequently improve the electrochemical perfor-
mance of IT-SOFCs [6,9].

Note that, even though it is for IT-SOFC cell fabrication, high
fabrication temperature is generally inevitable. Moreover, the recent
investigations have illustrated that mutual diffusion can take place
at the anode/electrolyte interface as well as at the anode site of the
Ni/GDC and Ni/Sm-doped ceria materials systems, during the
sintering process of IT-SOFC sample preparation [10–12]. Hence, it
is essential to investigate in more detail the possible diffusions at
the interface between LSCF cathode and GDC electrolyte, in spite of
their reported good chemical stability. More specifically, character-
izing the diffusion phenomenon helps to generate fundamental
knowledge on the local chemistry, element spatial distribution and
related mechanism that is vital for the development of high-quality
electrode/electrolyte interface. In this study, the interface between
the LSCF cathode and the GDC electrolyte of a half-cell sample was
characterized not only by electron microscopy for imaging, but also
by the analytical TEM that can perform extensive micro-analytical
investigations, and generate chemical composition and electronic
structure information.
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Fig. 1. Interfacial morphology between thin film cathode and electrolyte, characterized

by (a) SEM and (b) TEM. (c) The concentration profile of STEM EDX line scan acquired

across the cathode/electrolyte interface.
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2. Experimental

The ammonium carbonate co-precipitation method was
applied to synthesize the electrolyte GDC nanopowders [13].
Cathode thin film was fabricated on GDC substrate by screen
printing. The commercial raw La0.6Sr0.4Co0.8Fe0.2O3 powders were
mixed with 5.68 wt% Avicel (pore-forming agent), 1.14 wt% ethyl
cellulose (binder), and 36.37 wt% terpineol (solvent). Such mix-
ture was ball milled for 12 h to obtain homogeneous slurry, which
was then screen printed onto the GDC sintered tablet. Two-step
sintering was conducted for the screen printed sample: below
500 1C, the heating rate is as slow as 2 1C/min, and increased to
5 1C/min above 500 1C, till to target sintering temperature
1100 1C. The assembled sample was then sintered at 1100 1C in
air for 2 h. Microstructure characterizations of the cathode/
electrolyte interfacial region were performed on both SEM (Hitachi
S-5000) and STEM (FEI Tecnai F20, field emission gun) equipped
with a Gatan image filter and a high-angle annular dark-field
(HAADF) detector. For high spatial resolution, the energy dispersive
X-ray spectroscopy (EDX) and electron energy-loss spectroscopy
(EELS) analyses were conducted at STEM mode. The STEM is
operating with an extraction voltage of 4200 V, gun lens setting
6 and spot size 8. The convergence angle and collections angles for
STEM EELS were about 0.5 and 5 mrad, respectively. Owing to the
nanoprobe in the STEM mode, EELS spectra can be acquired at a very
small region, i.e. around 5 nm, with sufficient beam intensity for
micro-analyses. Therefore, STEM EELS analysis can be performed at
different positions in this study, especially at grain boundaries and
their nearby grain interiors. This can provide detailed information
on local elements and electronic states, rather than the global
information acquired by normal TEM EELS.
Fig. 2. Typical triple junctions, with different element segregation, observed at the

electrolyte side around the cathode/electrolyte interface by STEM (a) BF and

(b) HAADF, respectively.
3. Results and discussion

The cross-sectional morphologies of LSCF cathode on GDC
electrolyte are presented in Fig. 1. The image in Fig. 1(a)
obtained by SEM displays that the porous thin film was well
adhered on the dense substrate. Fig. 1(b) is a TEM bright field (BF)
image, showing the similar morphology of the cathode/electrolyte
interface. The interface can be easily recognized from the porous
thin film and the dense substrate in the TEM image. For a
quantitative analysis of the spatial distribution of constituent
elements, the STEM EDX was performed across the interface. The
corresponding concentration profiles are presented in Fig. 1(c).
Note that the rare-earth elements Ce and Gd can diffuse from the
electrolyte to the LSCF cathode. Simultaneously, the elements La,
Sr, Co and Fe can also transport from the cathode to the GDC
electrolyte through the interface. Moreover, all the elements have
a similar diffusion length, indicating that substitution diffusion is
the predominant mechanism, since there are significant differ-
ences in ionic radius among diffusing cations. Such mutual
diffusion will consequently lead to a mutual diffusion zone (with
an average 200 nm in width) formed at the cathode/electrolyte
interface, similar to the diffusion phenomenon detected at the
anode/electrolyte interface [10]. It is noteworthy that, contrary to
the previous report that the insertion of lanthanum into fluorite
ceria could be negligible [14], this mutual diffusion in LSCF/GDC
materials cannot be neglected by any means.

In order to probe other possible diffusions occurring between
the cathode and the electrolyte, further investigations have been
conducted. Fig. 2 shows several contacted grains observed at the
electrolyte side around the interface by STEM. In the STEM bright
field (BF) image (Fig. 2(a)), two triple junctions (TJ), assigned
as TJ1 and TJ2, can be clearly seen. It is interesting to note that
there is a significant contrast difference between TJ1 and its
neighboring areas. Such contrast difference is especially observa-
ble in the corresponding STEM HAADF image (Fig. 2(b)). Due to its
varied sensitivity to different elements, the HAADF imaging is
usually used as an intuitive way to distinguish the distribution of
different elements based on contrast differences. Therefore, the
special image of TJ1 shown in Fig. 2(a) may imply the segregation
of different elements or impurities at this area. Analytical tech-
niques were performed to verify such hypothesis.

In addition to the microstructural morphology at the inter-
facial region, the local chemical composition and electronic status
are also needed. A series of STEM EDX spectra were recorded at
grain interiors and boundaries of the same region shown in Fig. 2.
From the corresponding spectra (Fig. 3), all the grains shown in
Fig. 2 can be identified as GDC. Interestingly, besides the typical
Ce and Gd peaks observed in grains 1, 2 and 3 (assigned as G1, G2
and G3 hereafter), an extra peak (marked by the arrow in Fig. 3)
can be observed at the EDX spectrum acquired at TJ1, which is
indexed as Lanthanum La peak. It is necessary to point out that,



Fig. 3. STEM EDX results acquires at grain interiors, grain boundaries and triple

junctions demonstrated in Fig. 2.
Fig. 4. Background subtracted STEM EELS spectra acquired at the grain interiors,

triples junctions and the grain boundary listed in Fig. 2. (For interpretation of the

references to color in this figure, the reader is referred to the web version of this

article.)

Table 1
Quantification results of STEM EELS acquired at different positions.

Ce (at%) Gd (at%) La (at%)

G1 78.0977.6 21.9173.4 070.4

G2 74.7076.4 25.3076.3 070.5

GB1 59.2376.9 36.7375.2 4.0470.4

TJ2 54.9776.5 40.7976.1 4.2470.7

TJ1 52.7376.4 37.9374.6 9.3570.7
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during TEM sample preparation, the ion-milled powders from the
LSCF-GDC sample will inevitably redeposit onto the sample sur-
face and result in contaminations. If this were this case, powders
with different elements would be homogeneously deposited onto
sample surface. In other words, elements La, Sr, Co and Fe should
be detected at all GDC regions, at both grain interiors and
boundaries. Nevertheless, according to the systematic STEM EDX
analyses, LSCF elements can only be detected around the cathode/
electrolyte interfacial region, not in any other electrolyte parts.
It is thereby inferred that such La peak in the EDX spectrum
acquired at TJ1 may be attributed to the La diffusion from the
LSCF side. Due to the limited precision of the current EDX
technique that was caused by its intrinsic probe broadening and
insufficient energy resolution, STEM EELS was used to explore the
local element and associated concentration in more details at the
same region shown in Fig. 2.

The STEM EELS spectra were acquired at the energy loss
ranging from 800 to 1300 eV, where La–M4,5, Ce–M4,5 and
Gd–M4,5 adsorption edges can be recorded together. The STEM
EELS results are demonstrated in Fig. 4. The characteristic adsorp-
tion peaks of different elements were extrapolated from the
acquired spectra by subtracting the background following the
power law fit. The spectra acquired at G1 and G2 (the black and
red line in Fig. 4) illustrate that only Ce M4,5 and Gd M4,5 peaks
(marked by green arrows) can be detected. However, in the
spectrum acquired at TJ1 (the pink line in Fig. 4), extra peaks
appeared (denoted by black arrows), indexed as La M4 and M5

peaks. Such La peaks can also be observed at the STEM EELS
spectra acquired at the nearby triple junction TJ2 and the
corresponding grain boundary connecting TJ1 and TJ2 (assigned
as GB1 in Fig. 2). From all these spectra shown in Fig. 4, there are
no visible differences in the intensity or energy shift of all the
La, Ce and Gd peaks, implying that the local environment and
bonding status of all the detected elements at grain boundaries or
triple junctions are similar to that in grain interiors.

Besides the qualitative information about elements and
related electronic status provided by the STEM EELS spectra,
quantitative data about the concentrations of different elements
can also be obtained by quantifying such spectra. The related
quantification results are listed in Table 1. Note that La can only
be detected in TJ1, TJ2 and GB1, but not in the neighboring grain
interiors. Particularly, TJ1 has the highest La concentration, which
is in accordance with the intuitive results in Fig. 2 that TJ1 has the
strongest contrast difference compared to the nearby grain inter-
iors. Elemental distribution results, gained through a comparison
of the STEM EELS quantification data recorded at different
regions, suggest the enrichment of La at grain boundaries or
triple junctions in contrast to its shortage in the adjacent parts.
This is in agreement with the aforementioned STEM EDX results.
Specifically, the enhanced concentrations of Gd at grain bound-
aries indicate the segregation of Gd, which is consistent with the
previous observation about the Gd aggregation/segregation at
grain boundaries in doped ceria [13]. Moreover, the enrichment of
both La and Gd mainly at grain boundaries further verifies the
preference of dopants or impurities to segregate at boundary
region. It is thereby reasonable to draw the inference that the La,
mainly detected at grain boundaries or triple junctions at the GDC
region, transfers from the cathode side in the form of diffusing
along grain boundaries. It is believed that the A cation in ABO3

perovskite has relatively higher mobility and La is also a mobile
element [15]. Additionally, due to the similarity between La and
Ce, a broad solubility range can be expected between La and ceria.
These can accordingly explain the phenomenon that, only the
element La is mainly detected in LSCF at grain boundaries or triple
junctions. It is hence attested that grain boundaries can provide
another pathway for elements diffusion around the interfacial
region. This also can be interpreted with the widely accepted
principle that grain boundaries can provide accommodation/
volume for aggregation/segregation of dopants, diffusing
elements and other impurities, or possible channels for mass
transport [16].
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4. Conclusions

To summarize, the microstructures, related chemical composi-
tion, electronic state and spatial concentration of constituent
elements at the cathode/electrolyte interface, have been investi-
gated by means of a combination of various techniques, namely
SEM, TEM, HAADF, EDX and EELS operated in STEM mode. Two
types of diffusions, mutual diffusion and diffusion along grain
boundaries have been clarified at the cathode/electrolyte inter-
face. STEM EDX analyses illustrate mutual diffusions in which all
cations in LSCF and GDC substitutionally diffuse into each other. It
is verified that such mutual diffusion is independent of the ionic
radius of diffusing cations. Besides, this study also manifests
through quantifying STEM EELS spectra that elements in the
cathode can diffuse into the electrode along grain boundaries in
the vicinity of the cathode/electrolyte interface, and subsequently
segregate at grain boundaries or triple junctions. It is noteworthy
that these two types of diffusions, i.e. the mutual diffusion and
diffusion along grain boundaries, actually occur before the cells
are operated. Consequently, it draws much attention to cell
sample preparation in order to fabricate high quality electro-
lyte/electrode interfaces for IT-SOFC applications.
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