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One of the reasons that LaxSr1−xCoyFe1−yO3−δ (LSCF) based cathodes show much
better performance than those based on LaxSr1-xMnO3-δ (LSM) is that LSCF has
much higher ionic and electronic conductivities than LSM, significantly extending
the active sites beyond the triple-phase boundaries (TPB) [1]. One obvious downfall
for LSCF is that it reacts adversely with YSZ, which can be mitigated by the use of a
buffer layer of doped-CeO2 between LSCF and YSZ [2]. However, the catalytic
activity of the stand-alone LSCF cathodes is likely limited by the surface catalytic
properties. Further, the long-term stability of LSCF cathodes is a concern. In
contrast, LSM is more chemically stable and may facilitate stronger oxygen
adsorption than LSCF. Thus, it is hypothesized that the performance and stability of
a porous LSCF cathode may be improved by the application of a thin coating of
LSM through infiltration. Indeed, our results demonstrate that cells with a porous
LSCF cathode infiltrated with a thin-film coating of LSM, SDC, and LCC displayed
higher power output and better long-term stability over those without catalyst
coating. However, it is not clear how the catalyst is distributed on LSCF, what the
surfaces and interfaces look like, and how they evolve during annealing and
operation. The objective of the study is to characterize the morphology, structure,
and composition of the surfaces and interfaces in a catalyst-infiltrated LSCF
cathode as prepared, after annealing under certain conditions, and after subjecting
to typical fuel cell operating conditions. The microscopic information about surfaces
and interfaces will then be correlated with the electrochemical behavior of the
electrodes under similar conditions in order to gain critical insights into the
mechanisms of performance enhancement and design of better electrodes.
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Figure 3. (a) TEM images of LSCF grain in the porous cathode infiltrated with waterbased 8515LSM solution and after 900 hours of operation at 0.7V and 750ºC. The color
squares mark areas that were zoomed in and displayed in (b) and (d). The color arrows
denote profile lines. The inset provides a lower magnification image of the LSCF grain.
(b) HRTEM image of the LSCF grain within the green square in (a). (c) Fourier-filtered
image of the yellow square in (b). (d) HRTEM image of surface of the LSCF grain within
the red square in (a). (e) Fourier-filtered image of the magenta square in (d). (f) Electron
diffraction from surface layer within the blue circle in (d). Profiles of atomic percents
associated with the red (g), yellow (h) and green (i) arrows in (a).
cation elements. Diffusion of Sr from the LSCF grain into the surface layer is likely since
~6% Sr shown in Figure (h) is higher than the nominal 4% in the LSM. On the other
hand, Mn is limited to the surface layer. Figure 3 (i) reveals ~ 4% Mn 100 nm deep along
the grain boundary (GB) of LSCF, implying that LSM might diffuse into LSCF along GBs.
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Figure 2. SEM image to illustrate lift-out of a sliver by a needle

10 μm from bulk of the material

Figure 3 (a) displays TEM images of an LSCF grain in a porous LSM-infiltrated LSCF
cathode after operation at 0.7V and 750ºC for 900 hours. The inset presents a wider
field of view of the grain. The grain is a single-crystal with the zone axis labeled in the
image, and there is material that lacks long-range order of atom arrangement on the
grain surface. Projected thickness of the surface material varies from 2 nm to 23 nm
as labeled in the image. A representative HRTEM image of the bulk crystal is shown
in Figure 3 (b). Figure 3 (c) is a Fourier-filtered image of the yellow squared area
marked in (b), and where the zone-axis fringes of the LSCF crystal are labeled. It can
be seen that after operation the grain retained the perovskite structure. Figure 3 (d)
presents an HRTEM view of the surface of the LSCF grain, where the same zoneaxis fringes are resolved and indexed in Figure 3 (e). The interface between the
LSCF crystal and the surface material is well-defined as indicated by the abrupt
termination of the zone-axis fringes of the LSCF crystal. An electron diffraction
pattern acquired with the beam convergent on the surface material revealed radius of
the first diffuse scattering ring to be 3.25 nm-1, as shown in Figure 3 (f). The projected
thickness of the surface coating is in the range of 2 nm to 16 nm. Figure 3 (g) and (h)
display profiles of atomic percent across the surface layer along different directions.
The sum of all the cation elements in each figure is normalized to 40%. The profiles
in Figures 3 (g) and (h) show significant presence of Co at ~ 3%, Mn at 3 –10% and
Sr at 4 – 9% in the surface layer. In short, the surface layer contains all the
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Microstructure characterization was carried out with a 300 kV HF3300
TEM/STEM/EDS. The TEM was equipped with a cold field-emission gun which
provided a small electron probe of high electron current density. This was
advantageous in the STEM/EDS operation mode, as the intense and fine probe
could generate sufficient characteristic x-rays from small features. The STEM/EDS
was performed with a probe size of about 1 nm and a take-off angle of 19.3
degrees. The live time set for each spectrum of a profile was 5 seconds.
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Figure 1. A schematic cross-section view of an LSMcoated LSCF pellet.

TEM samples were prepared by the Focused Ion Beam (FIB) in-situ lift-out
technique, with the Hitachi NB-5000 Dual-Beam FIB System operated at 40 kV. A
thin sliver of the dimension of 10 μm (width) × 3 μm (height) × 0.5 μm (thickness)
was cut and lifted out from the bulk of the material. The sliver was subsequently
bonded on one side to the copper grid by tungsten deposition, after which the sliver
was further thinned to electron transparency prior to the TEM analysis. Figure 2
pr es ents an SEM im age that s ho ws s uc h a s liver be ing l if ted out.
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Experimental
The LSCF cathode was prepared by tape-casting and punched to button cell size. A
suspension-coated SDC buffer layer was used to bond the LSCF tape to YSZ, in
order to avoid reaction between LSCF and YSZ during the firing process. The LSCF
cathode and YSZ were co-fired at 1100oC for 2 hours. LSM-infiltration into the
LSCF c athode was carried out with water-based 8020LSM solution.
We also prepared LSM thin films on a polished LSCF pellet to facilitate our
understanding of the catalyst / backbone system. The LSCF pellet was prepared by
dry-pressing powder of 6428LSCF followed by sintering. The LSM film was
fabricated by a sol-gel process. First, LSM solution with the target composition of
8020LSM at 0.3M concentration was prepared, with 2-methoxyethanol and acetic
acid as solvents, and strontium acetate and manganese acetate as metal organic
precursors. The solution was spin-coated on the LSCF pellet at 3000 RPM, and
subsequently fired at 900ºC for 1 hour. A schematic cross-section view of an LSMcoated LSCF pellet is shown in Figure 1. The sample was analyzed as-prepared
(900ºC for 1 hour) and after annealing (at 850ºC for 900 hrs in air).
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Figure 4 (a) A cross-sectional view of an LSM film (derived from a sol-gel process) on
an LSCF pellet. The red arrow marks the profile line associated with profiles presented
in Figure 6 (a). (b) HRTEM image of the LSM-LSCF interface. Approximate median of
the interface is indicated by the broken yellow line. (c) and (d) Fourier-filtered images of
the two phases near the interface, in the areas marked by the red and green rectangles
in (a).
As shown in Figure 4 (a), the thickness of the LSM film ranges from 42 to 50 nm, which
is consistent with the target thickness of 50 nm. The LSM layer appears crystalline.
Figure 4 (b) presents HRTEM image of the LSM/LSCF interface. The broken yellow
line in the figure labels approximate median of the interface. A structure coherence
between the two phases is exhibited by the complete alignment of lattice fringes of the
two phases at their interface. Crystallographic analyses indicate the LSM and LSCF
are oriented along their zone axes, respectively. The zone axis images, processed
after Four ier-filter ing, are pr esented in Figure 4 (c) and Figure 4 (d).
Figure 5 (a) displays a cross-sectional view of the LSM/LSCF after annealing at
850ºC for 900 hours. There is no appreciable thickness change of the LSM film after
annealing. Nonetheless, the top 80% of the film has lost long-range order as indicated
by electron diffraction pattern shown in (c), and verified by the Z-contrast image in (b).
The bottom 10 nm of the film and the underlying LSCF retain their respective
perovskite structures, as well as the epitaxial relationship of the former to the latter,
which are manifested by the lattice information presented in Figures 5 (d) to (f).
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Figure 5 (a) TEM image of sol-gel LSM on LSCF pellet after annealing at 850 C for 900
hours. The red arrow marks the profile line associated with profiles presented in Figure
6 (b). The purple circle illustrates area for electron diffraction whose pattern is
presented in (c). (b) Z-contrast image of the stack. (d) HRTEM image of the LSM/LSCF
interface. Approximate boundary of lattice fringes in LSM is marked by the dashed
yellow curve. (e) and (f) are Fourier-filtered images of the two phases near the
interface, in the areas marked by the green and red rectangles, respectively, in (d).
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Figure 6. (a) Profiles of atomic percents associated with profile line marked by the red
arrow in Figure 4(a), and (b) similarly 5(a).
Figure 6 (a) presents profiles across the LSM layer as prepared. The elemental
distributions are consistent with stoichiometries of LSM and LSCF. After annealing, 3% of
Co is present throughout thickness of the film, as shown in Figure 6 (b). Similar to profiles
shown in Figures 3 (g) and (h), Mn is lim ited to the LSM layer.

Summary
A thin and amorphous surface layer was observed on the LSCF grain of LSM-infiltrated
cathode after operation. This layer contains Co and Fe, in addition to La, Sr and Mn. Mn is
confined within the surface layer and not observed in the underlying LSCF. The LSCF
grain retains the perovskite structure. These observations are consistently verified by
analyses of the LSM/LSCF interfaces before and after annealing/operation.
Sr enrichment on surface of the LSCF was proposed as a cause of LSCF performance
degradation [2 - 4]. We do not observe such Sr-enrichment on the LSCF grain of the LSMinfiltrated cathode after operation, which might have been inhibited by the LSM. This
mechanism would slow down or eliminate degradation of cathode performance.
LSM has been reported to possess higher binding energy of oxygen to the surface [5],
hence stronger adsorption of O2 than LSF or LSC. Consequently, a thin coating of LSM
on LSCF is expected to facilitate O2 adsorption. After operation, the LSM develops into a
thin layer of LSCFM. Enhanced adsorption onto the surface layer is maintained because
of the continued presence of Mn ions. Meanwhile, the reduced regularity of atom
arrangement favors oxygen ion conductivity. The small thickness of the LSCFM layer is
expected to further ease oxygen transport limitations through this surface layer.

Research Plan
We have designed a matrix of samples for a systematic approach to unraveling the
mechanisms of performance and stability improvements by LSM coating. Further
characterization will be conducted on other samples in the matrix including blank LSCF
cathodes as prepared, after annealing, & after operation under typical fuel cell conditions.
Also, the evolution of structure, composition, and morphology of LSM & LSCF surfaces
and interfaces under fuel cell operating conditions will be acquired and correlated with
electrochemical behavior in order to gain insights into rational design of better cathodes.
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