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Dense 20 at.% gadolinium-doped (20GDC) thin film electrolyte supported by Ni-20GDC cermet anode
has been fabricated by electrophoretic deposition technique. The microstructure and spatial distribution
of constituent elements of this half-cell sample have been characterized by a combination of various
techniques. The energy-dispersive X-ray spectroscopy (EDX) investigations, operated in scanning trans-
mission electron microscopy (STEM) mode, illustrate that not only diffusion of metallic Ni from the anode
into the electrolyte but also simultaneous counter-diffusion of Ce and Gd rare-earth cations from the elec-
trolyte to the anode. Such mutual diffusion mainly occurs not only at the electrolyte-anode interface, but
also occurs at the anode where Ni grains meet GDC grains. STEM high-angle annular dark-field (HAADF)
imaging detects grain boundary segregation phenomena and suggests that grain boundaries can provide
another possible pathway for diffusing atoms/ions. These investigations help explain the formation of an
electrolyte—anode interfacial layer in terms of the mutual diffusion and diffusion along grain boundaries,
and raise awareness of such diffusions that take place even during the process of cell sample preparation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs), as electrochemical energy conver-
sion devices, have been widely accepted as promising candidates
for new generation power systems due to their high efficiency,
quiet operation and low or zero emission of pollutants [1,2].
Nevertheless the high operating temperature (around 1000°C)
of SOFCs limits the choice of materials and thus results in high
cost of both cell materials and interconnect components, seri-
ous degradation, reduced longevity, and other technical problems
[3,4]. In order to enhance the long-term performance stability,
widen cell material selection and address relative technical issues,
reducing the high operating temperature to intermediate range
(500-600°C) or even lower is crucial for current SOFC research
[5,6]. Accordingly, it requires lower cell losses of the electrolyte
yet still retains high power density that can be generally achieved
at high operating temperatures. It is believed that alternative mate-
rials, like rare-earth-doped ceria with higher ionic conductivity
than traditional yttria-stabilized zirconia (YSZ), have the potential
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to develop intermediate temperature SOFCs (IT-SOFCs) [2,7]. Take
gadolinium-doped ceria (GDC) for example, its ionic conductivity is
over one order of magnitude larger than that of YSZ at 500 °C (about
0.016Scm~! for GDC while only 0.0008 Scm~! for YSZ) [8]. On the
other hand, reducing the electrolyte thickness is another efficient
way to overcome the increase in the area specific resistance of elec-
trolyte operated at intermediate or low temperatures [9,10]. As the
electrolyte thickness reduces, especially to the micrometer level,
the role and influence of electrolyte-electrode interface become
more significant.

Even though cells actually work at intermediate temperatures,
high temperature treatment is still necessary for cell fabrication.
Therefore, some interactions among cell components may occur,
especially at electrolyte—electrode interfaces, which can influence
both the mechanical and electrochemical properties of IT-SOFCs.
It was reported that cathode material LaSrCoO3 tended to react
with YSZ electrolyte and form insulating materials (i.e., LayZr,07
or SrZrOs3), resulting in a substantial loss in unit cell performance
[11,12]. High resistivity material SrLaGa30O; can also be formed
due to the interaction between Lag gSrg 1 GaggMgp 20585 and GDC,
and consequently increases the internal resistivity of SOFCs [13].
In addition to interactions, interdiffusions among cell compo-
nents are by no means negligible. Sakai et al. [14] reported the
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reaction between cathode materials (Lag.gSrgCo03,
Lag gSrg,FeO3) and rare-earth-doped ceria in electrolyte, and the
existence of a secondary phase that formed at electrolyte-cathode
interface. Moreover, they found that a significant amount of transi-
tion metal would migrate or diffuse into doped ceria, whereas little
migration of ceria or rare earth elements was observed [14]. In
spite of extensive attention to such interactions or interdiffusions
between cathode and electrolyte [15-17], there have been insuf-
ficient investigations on those phenomena at electrolyte-anode
interface. This might be attributed to the fact that widely used
SOFC anodes are mainly formed by metallic Ni mixed in ceramic
polycrystals. Both YSZ and ceria are believed to exhibit good
chemical compatibility with Ni and NiO [18]. Therefore, solid
state reaction and interdiffusion between YSZ or ceria and Ni/NiO
are not anticipated and thus rarely studied. However, our recent
work illustrated that the interdiffusion between Ni and ceria at
the electrolyte-anode interface should not be neglected. It was
demonstrated that metallic Ni could diffuse from anode into the
samarium-doped ceria or GDC electrolytes [19,20]. Furthermore,
Ni diffusion may enhance the microstructural inhomogeneity and
lead to the interfacial layer formation at the electrolyte-anode
interface, which would decrease the conductivity of thin film
electrolyte [19,20]. Similar to Sakai et al. work, previous studies
detected only significant Ni diffusion but failed to observe any
other migration/diffusion of ceria or doped rare-earth elements.
Besides, due to the qualitative nature and spatial resolution of
the energy-dispersive X-ray spectroscopy (EDX) operated in the
scanning electron microscopy (SEM) mode, quantitative data
about the interdiffusion is still lacking. Nevertheless, it is such
quantitative data and the related diffusion mechanism that are
critical to fabricate high quality electrolyte-electrode interface
and hence worth further investigations.

The purpose of present work is to examine quantitatively inter-
diffusion phenomena occurring at both GDC thin film electrolyte
and Ni-GDC cermet anode, especially at the interface between
them. To approach this target, a combination of various types
of techniques, such as SEM, transmission electron microscopy
(TEM), energy-filtered TEM (EFTEM) and scanning TEM (STEM),
are employed for comprehensive characterizations. The mecha-
nisms of interdiffusion and other possible diffusions are discussed
based on elemental distribution results obtained by EDX operated
in STEM mode.

2. Experimental

For the fabrication of anode supported half-cell sample, 20 at.% GDC (20GDC)
and commercial NiO powders were used for anode substrate preparation. The
homogeneous 20GDC nanopowder was synthesized by ammonium carbonate co-
precipitation method [21] and used as starting powders. NiO, 20GDC, and acetylene
black were milled by zirconia balls in ethanol for successive 12 h with a rotation
rate of 2 r/s. Immediately after ball milling, the slurry was dried in hot wind to avoid
sedimentation. Such mixture was dried in N, overnight, and then mixed with PVA
binder solution. After that, the mixture was dried again and sieved to fine powders,
which was subsequently compacted into NiO-GDC green body by being isostati-
cally pressed under 200 MPa. 20GDC nanopowders were dispersed in the suspension
made of acetylacetone-iodine mixture and subsequently deposited directly onto the
NiO-GDC substrate by electrophoretic deposition (EPD) technique [22]. Deposited
thin films with different thickness can be obtained by tuning the voltage of direct
current supply and deposition time. In this work, about 10 wm 20GDC thin film was
deposited by carefully controlling the voltage of 10V for successive 2 min during
EPD process. The assembly of half-cell sample was then co-fired at 1400 °C in air for
6 h, and further heated at 600 °C for 2 h under following H; gas (50 mL/min) in order
to fully reduce NiO into metallic Ni.

SEM (Hitachi S-5000) initially observed the cross-sectional morphology of
half-cell samples. Then detailed microstructural features and microchemistry of
such sample were characterized by a STEM (FEI Tecnai F30), operated at 300 kV
and equipped with a Gatan imaging filter. Cross-sectional TEM samples for
electrolyte-anode interface observations were prepared by traditional TEM sample
preparation method: mechanical cutting, thinning, dimpling and final ion milling
in a precision ion polishing system, operated at 4.5 keV with both guns at 10 pA in
a sector pattern. EFTEM mapping was employed to investigate the spatial distribu-

tion of constituent elements at interfacial region. STEM can not only provide sample
morphology and microstructures directly through bright-field (BF) imaging, but also
qualitatively detect the spatial distributions of different elements in the sample by
high-angle annular dark-field (HAADF) imaging. Unlike BF image formed by unscat-
tered electrons and low angle dark-field (DF) image by Bragg scattered electrons,
HAADF image was developed only by high angle incoherently scattered electrons.
In the STEM HAADF imaging, the fine electron nanoprobe (around 5 nm used in this
study)is scanned across electron-transparent thin area and those scattered electrons
are then collected via the HAADF detector. Particularly, due to different scattered
angles by different elements, the corresponding HAADF image will reveal differ-
ent intensity directly related to the atomic number of constituent elements in the
material. Therefore, the close connection with chemical contrast revealed in HAADF
imaging renders it one of the most effective techniques for local characterization of
heterogeneities and spatial distributions of various constituents. It was hence used
in this study to identify locally distributed heterogeneities in the sample. The STEM
was also employed in combination with EDX analysis to investigate quantitatively
the one-dimensional elemental distribution of each constituent in the half-cell sam-
ple, especially across the electrolyte-anode interface. The profile size for STEM EDX
line scan used in this study was 100 with dwelling time of 1.5s.

3. Results
3.1. Mutual diffusion between Ni particles and GDC grains

Initial observations of the electrolyte-anode interfacial mor-
phology of a half-cell sample was conducted by SEM. Fig. 1ais a clear
representation of the well adhered dense thin film deposited on
the porous Ni-GDC substrate by using EPD technique. The porous
anode was produced by reducing initial NiO to metallic Ni parti-
cles through H; gas treatment, with the flowing rate of 50 mL/min
at 600°C for 2 h. The reduction treatment can help to obtain an
electron conducting path percolating from the electrolyte toward
the external circuit. It also helps to produce sufficient triple phase
boundaries where electrochemical reactions usually occur [23]. The
good adhesion of the thin film electrolyte on top of the porous
anode substrate can be further revealed by an intermediate magni-
fication SEM observation, as represented in Fig. 1b. The interfacial
morphology of more detailed microstructural features was further
characterized by TEM. The electrolyte-anode interface, between
the dense electrolyte and porous substrate, can be easily seen in the
TEM as shown in Fig. 1c. Fig. 1d is an EFTEM thickness map acquired
by standard log-ratio method (coded in the Gatan DigitalMicro-
graph), and yielded the relative thickness of the sample. The porous
substrate can be thinned faster than the dense electrolyte under
the same Ar ions bombarding in ion-milling system. Therefore,
the EFTEM thickness map represents the qualitative nature of the
sample in terms of relative thickness as a result of different con-
trasts. The morphology of the electrolyte-anode interfacial region
between dense GDC and porous Ni-GDC can be easily recognized
as shown in Fig. 1d. EFTEM elemental maps (Fig. 1e and f) can also
qualitatively demonstrate the spatial distributions of constituent
elements at such interfacial region, which were zoomed in from the
region denoted by the dashed square in Fig. 1d. Fig. 1e is Ni L edge
(855 eV) EFTEM elemental map and Fig. 1f is the corresponding Ce
M edge (883 eV) map of the same region. Note that at all sharp grain
boundaries are no longer observable. Instead, there are consider-
able overlapping areas between contacted Ni and GDC grains, which
indicates interdiffusions between Ni particles and GDC grains at
such regions.

Quantitative detections of spatial distributions of constituent
elements were consequently conducted by STEM EDX scans. Fig. 2a
is a typical STEM DF image, from which dense film adhered to
porous substrate can be recognized. This type of morphology is in
accordance with what was observed by SEM and EFTEM in Fig. 1.
The STEM EDX line scan was conducted exactly across the inter-
face as labeled by the dashed line in Fig. 2a. Consistent with results
of prior SEM EDX investigations [19,20], the concentration pro-
file of STEM EDX result in Fig. 2b suggests that Ni in the anode
site can diffuse into GDC grains in the electrolyte. However, some
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Fig. 1. The cross-sectional morphology of thin film electrolyte on porous anode substrate by SEM (a and b), TEM (c) and EFTEM (d) observations. EFTEM elemental maps of
Ni and Ce are represented at (e) and (f) respectively, which are the magnified region that marked by the dashed square in (d).

interesting phenomenon was not captured or neglected in previous
observations, that the rare earth elements Ce and Gd diffuse from
the electrolyte into the metallic Ni particles in the anode. It was
believed to be negligible in previous results [14,19,20]. Fig. 2b quan-
titatively displays that the mutual diffusion length at the interface
isabout 200 nm, revealing that a significant amount of Ni, Ce and Gd
have inter-migrated. Fig. 2c and d show another example of STEM
EDX investigation at the electrolyte-anode interfacial region of a
new sample but prepared in the same method. The STEM BF image
(Fig. 2c) represents and edge-on grain boundary of a Ni particle
and its adjacent GDC grain. The STEM EDX line scan was conducted
exactly across such an edge-on grain boundary. From the corre-
sponding line scan profile (Fig. 2d), it can be noted that there is
a mutual diffusion between the contacted Ni and GDC grains, with
the mutual diffusion lengths of Ni, Ce and Gd over 200 nm. All other
STEM EDX line scans (data are not shown here) statistically demon-
strate that the mutual diffusion occurred at the electrolyte-anode
interfacial region generally has an average diffusion length about
200 nm. Moreover, the equal diffusion length of all diffusing ele-
ments implies that such diffusion is independent of ionic radii.
Previous reports showed that Ni diffusion from the anode into the
electrolyte could lead to interfacial layer formation [19,20]. There-
fore, the results represented in Figs. 2b and d also suggest that
counter-diffusing of Ce/Gd cations can play the same role as diffus-
ing Ni. In other words, such mutual diffusion zone, with the mixture
of diffused Ni, Ce and Gd ions, can be assigned to the interfacial layer
formation at the electrolyte-anode interface.

It is worth noting that, there is no specific chemical difference
between Ni-GDC borderland at electrolyte-anode interface and
Ni-GDC grain boundary in anode, due to the same chemical com-
position of all GDC gains in both electrolyte and anode. Based on
observations of mutual diffusion among Ni, Ce, and Gd occurring at
the electrolyte-anode interface, it is thereby anticipated that such
mutual diffusion can also be detected between Ni particles and GDC
gains at the anode site. Fig. 2e is the STEM DF image of Ni particles
and GDC grains observed in the anode. The STEM EDX line scan,
conducted across the edge-on grain boundary denoted in Fig. 2e,
confirms the existence of mutual diffusion between metallic Ni par-

ticle and GDC grain in anode. However, the corresponding mutual
diffusion length is only about 90 nm. Other STEM EDX detections
also show that the average mutual diffusion length at the anode site
isless than 100 nm, much shorter than that at the electrolyte—anode
interface. The discrepancy of mutual diffusion length will be dis-
cussed later.

3.2. Diffusion along grain boundaries

Since mutual diffusions mainly occur at electrolyte-anode inter-
facial region, it is prudent to investigate other possible diffusion
pathway for all constituent elements that may exist among cell
components. Fig. 3a is the STEM BF micrograph of grains near
the electrolyte-anode interface, from which microstructural fea-
tures of such as grain boundaries can be clearly seen. In order to
obtain the information of elemental distribution, especially at grain
boundary region, HAADF imaging technique was used. Fig. 3b is
the corresponding HAADF image of Fig. 3a. Elements with different
atomic numbers will exhibit different contrast in HAADF micro-
graph, which provides an intuitional way to investigate the spatial
distribution of different elements. The enhanced contrast at grain
boundaries (marked by dashed ellipses in Fig. 3b) in HAADF image
implies that there are elements segregating along grain boundaries
that are different from those in neighboring grain interiors. Such
grain boundaries with enhanced bright contrast in HAADF image
can be widely observed at the interfacial region, in both electrolyte
and anode sites. Considering the aforementioned mutual diffusion,
itis reasonable to assume another possible diffusion way that may
also exist in the sample.

Inorder to identify the segregation phenomenon of grain bound-
ary, the quantitative technique, STEM EDX analysis, was then
employed. Fig. 4a is a STEM BF image of the anode site obtained
near the electrolyte-anode interface. Initial STEM EDX points scan
investigations can directly detect the composition of each grain
as labeled in Fig. 4a. Similar to Fig. 3b, the corresponding STEM
HAADF micrograph also indicates that different compositions may
exist at the grain boundary of two contacted Ni particles, reflected
by the brighter contrast. According to the concentration profile
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Fig. 2. (a) STEM DF image of the morphology of electrolyte-anode interface and (b)
the corresponding concentration profile of STEM EDX line scan across the interface
as denoted by the dashed line in (a). STEM BF images of microstructures of adjacent
grains at the electrolyte-anode interface and the anode site are shown in (c) and
(e) respectively. (d and f) Corresponding concentration profiles of STEM EDX line
scans across edge-on grain boundaries as labeled by the dashed line in (c) and (e)
separately.

(a)

BF 500nm d HAADF 500nm

Fig. 3. (a) STEM BF image of adjacent grains near the electrolyte-anode interface
and (b) the corresponding STEM HAADF image showing enhanced brightness at
grain boundaries.

of STEM EDX line scan, Ce and Gd are enriched at the Ni grain
boundary. Based on the morphology shown in STEM images (Fig. 4a
and b), such segregation of Ce and Gd can be attributed to Ce/Gd
diffusion from nearby GDC grains. It suggests that the grain bound-
ary can provide another possible pathway for elements diffusion,
which is highlighted by two dashed arrows in Fig. 4b. This scenario
was verified by statistical detections of grain boundary segregation
and diffusion adjacent to the electrolyte-anode interfacial region
through STEM EDX analyses.

Differ from the mutual diffusion with an average diffusion
length around 200 nm at the electrolyte-anode interfacial region;
the diffusion along the grain boundary seems much longer in
length. Following the same procedures discussed before, STEM EDX

Ni
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Fig. 4. (a) STEM BF image of several contacted grains at the anode but near the
electrolyte-anode interface, the corresponding STEM HAADF image is shown in
(b). The possible diffusion pathway along the grain boundary is denoted by dashed
arrows in (b). (c) The concentration profile of STEM EDX line scan across the grain
boundary as marked in (a).

point scan was conducted first to distinguish metallic Ni particles
and GDC grains at the anode site. STEM EDX line scans were then
acquired between Ni particles near the electrolyte—anode interface.
It was found that segregation of diffused cations (Ce and Gd) along
grain boundary could be detected (as shown in Fig. 5a) to be located
at about 1 wm away from the electrolyte-anode interface. How-
ever, it is difficult to prove directly that such segregated Ce and Gd
cations actually diffused from the electrolyte, since there are plenty
of GDC grains in anode and similar diffusions along grain boundary
from other anode GDC grains may also occur. Therefore, compara-
tive STEM EDX analyses were conducted at electrolyte site. Fig. 5b
is another typical STEM EDX line scan acquired at the electrolyte
site. The concentration profile clearly demonstrates the consider-
able segregation of metallic Ni at the boundary of two adjacent
GDC grains. Since there are no Ni particles in the electrolyte at all,
the metallic Ni detected in electrolyte must have originated from
Ni diffusion from the anode along grain boundaries. This thereby
provides an indirect way to investigate the diffusion along grain
boundary, and verifies that diffusion along grain boundary is easier
or faster than mutual diffusion between contacted Ni particles and
GDC grains at the electrolyte-anode interface.

4. Discussion

STEM EDX analyses reveal that both Ni and GDC can mutually
diffuse into each other at both electrolyte-anode interface and the
anode site. Besides such mutual diffusion, Ni, Ce and Gd can diffuse
along grain boundaries around the interfacial region. Even though
there are distinct differences in the radii of diffusing atoms/ions,
they have equal diffusion length. Hence, such mutual diffusion can
be considered as a substitution diffusion, which is quite differ-
ent from the interstitial cation diffusion that dominates the grain
boundary mobility in doped ceria systems [24]. It is believed that
such mutual diffusion will subsequently lead to the formation of
mutual diffusion zone with the mixture of diffused Ni, Ce and
Gd atoms/ions. By comparing mutual diffusion between Ni par-
ticles and GDC grains detected at the electrolyte-anode interface
with that at anode site, it was found that the former has longer
average diffusion length (~200nm) than the latter (<100 nm).
Chemically, since there is no difference between Ni/GDC grains at
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Fig. 6. (a) TEM BF image of the morphology of electrolyte-anode interface and (b) schematic diagram of the interfacial layer formation induced by both mutual diffusion and

diffusion along grain boundaries at the electrolyte-anode interfacial region.

the electrolyte-anode interface and those at the anode site, itis nec-
essary to explain such discrepancy in mutual diffusion length from
other perspectives, e.g., the geometric difference. At atomic level,
the mutual diffusion actually occurs across the respective bound-
aries between Ni particles and GDC grains. Diffusing atoms/cations
should migrate from one grain to the neighboring one through the
direct contact area, i.e., the neck of contacting grains. Such ‘neck’
diffusion will be strongly affected by the geometric differences as
the size and density of contact areas. Due to the porosity of the
anode substrate, the grain density in the anode is much lower than
that in the dense thin film. Accordingly, the average contact areas
between Ni particles and GDC grains at the electrolyte—anode inter-
face are much larger than those at the anode site. This geometric
discrepancy will consequently enhance the mutual diffusion inten-
sity, motivate additional diffusion through nearby contacted areas,
and result in longer average mutual diffusion length detected at the
electrolyte—anode interface.

Based on our observations of mutual diffusion and segrega-
tion/diffusion along grain boundaries, we hence rationalize the
diffusion phenomena and interfacial layer formation as demon-
strated in Fig. 6. Fig. 6a is a representative TEM BF image of
the electrolyte-anode interfacial morphology, and Fig. 6b is the
schematic diagram of the interfacial layer formation at this inter-
face. Similar to previous results, Ni can diffuse into GDC grains from
anode to electrolyte. Simultaneously, counter-diffusion of Ce and
Gd into metallic Ni particles will also occur. Such mutual diffusion
will lead to the mutual diffusion zone formation with the mixture
of diffused Ni, Ce and Gd ions. This evolution in composition at the
electrolyte—anode interface is believed to affect the electrical/ionic
properties of the cell components [25]. Despite identified equal
diffusion length of diffusing ions, due to distinct ionic radius dif-
ferences, a broad solubility range between metallic Ni and GDC
is not anticipated. On the other hand, grain boundary segrega-
tion near the electrolyte-anode interface detected by STEM EDX
investigations exhibits a tendency for constituent elements to dif-
fuse along grain boundaries among cell components. With large
volume of boundary vacancies and associated defects, the grain

boundary can serve as a trapping center that provides enough
voids to accommodate diffusing atoms/ions [26]. This process can
thus provide another pathway for atoms/cations diffusion near the
electrolyte-anode interfacial region. The diffusion along the grain
boundary is assumed easier and faster than the mutual diffusion,
which is verified by the STEM EDX analyses. Therefore, two types of
diffusions can be clarified, which is believed to motivate the inter-
facial layer formation at the electrolyte-anode interface. Since it is
well established that the actual reactive zone for hydrogen-oxygen
reaction exists within a limited region at the anode in SOFCs,
approximately 10 wm near the electrolyte-anode interface [27],
the interfacial layer formation will have considerable influence and
subsequently degrade SOFCs characteristics. For example, it was
reported that such interfacial layer would result in reduced ionic
conductivity of electrolyte thin film [19].

One more thing needs to be noted that, such mutual diffu-
sion and diffusion along grain boundaries actually occurred during
cell preparation. It draws our attention to the unexpected interfa-
cial layer formation at the electrolyte-anode interface even before
cell operation. Therefore, in order to prepare high quality cells,
especially high quality of electrolyte-electrode interface, more
precautions should be paid during cell preparation process. Such
mutual diffusion as well as the diffusion along grain boundaries is
also expected to continue during cell operation, which will have a
strong impact on the performance of SOFCs. Note that it is quite
difficult to avoid such diffusions at atomic level, since high tem-
perature treatment is necessary for cell preparation even when
operating temperature is low. Nevertheless, insights from this
study can still motivate us take other perspectives. For example, we
may make use of such diffusions by choosing beneficial materials so
that the mutual diffusion zone can be formed with more active sites
taking place, which can enhancement the performance of SOFCs.

5. Conclusions

In the study, the microstructures and spatial distributions of
constituents in GDC thin film electrolyte and Ni-GDC cermet anode
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of a half-cell sample have been comprehensively characterized by a
combination of various techniques (i.e., SEM, TEM, EFTEM mapping,
STEM HAADF imaging and STEM EDX). Two types of diffusions, the
mutual diffusion and the diffusion along grain boundaries, have
been detected and clarified. Initial investigation by EFTEM map-
ping qualitatively shows that there is a considerable interdiffusion
zone between directly contacted Ni particles and GDC grains at
the electrolyte-anode interface. Quantitative STEM EDX analyses
identify not only the diffusion of Ni diffuse from anode into the
GDC electrolyte (as previously reported [19,20]) but also that of
rare-earth elements Ce and Gd from electrolyte into metallic Ni in
the anode. Moreover, all the diffusing elements have equal diffu-
sion length despite their significant differences in ionic radii, which
indicates that substitution diffusion is the dominant mechanism
in the mutual diffusion at the electrolyte-anode interface. Due to
geometric discrepancies among cell components, such mutual dif-
fusion mainly occurred at the electrolyte-anode interface rather
than in the anode. Besides the mutual diffusion, diffusing ele-
ments were detected to segregate along grain boundaries near the
electrolyte-anode interfacial region. It suggests that grain bound-
aries can provide a possible pathway for Ni, Ce and Gd diffusion,
and was verified to be an easier and faster diffusion way than the
mutual diffusion. As such, the interfacial layer formation at the
electrolyte-anode interface was elucidated in terms of the mutual
diffusion associated with the diffusion along grain boundaries.
These investigations provide valuable insight into the mechanism
of diffusions at the electrolyte-anode interfacial region. Addition-
ally, the formation of this interfacial layer during cell sample
preparation has considerably negative effects on the IT-SOFC per-
formance because of low ionic conductivity and should be avoided.
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