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The microstructure and morphology of solid-oxide fuel-cell electrodes are very
complex but important because they strongly affect the electrical performance
of the cell. In this work the high-resolution X-ray nanotomography technique
is applied to reconstruct the three-dimensional microstructure of a
(LapgSrg2)0.0sMnO5 yttria-stabilized zirconia composite cathode. Some key
microstructural parameters, such as the porosity, representative elementary
volume, connected pore volume and pore phase tortuosity, were obtained based
on the three-dimensional reconstruction volume data with a spatial resolution of
sub-60 nm. These parameters bear intimate correlation with the efficiency of the
electrochemical conversion process, and provide valuable information for
optimizing the manufacturing processes and improving the device’s reliability.
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1. Introduction

A solid-oxide fuel cell (SOFC) is an all-solid device that
produces electricity directly from oxidizing a fuel and is a
potential breakthrough technology for low-cost, clean and
highly efficient production of electricity and heat. Redox
reactions occur in the internal SOFC electrodes which are
composed of porous materials; therefore, the microstructure
of the electrode is likely to affect the electrochemical activity
of a SOFC electrode. Advanced fuel-cell electrodes typically
have complex internal microstructures that provide the
necessary conditions for gas diffusion and electrochemical
reaction. Thus, many groups have used various probing tools
and methods to characterize the microstructures of SOFC
electrodes (Ali et al., 2008; Lanzini et al., 2009; Allen et al.,
2009). However, these previous studies only revealed two-
dimensional information about the electrode microstructure
from sections or theoretically modelled the relationship
between the performance of the SOFC and its electrode
microstructure, and provided limited knowledge about the
three-dimensional microstructure of the electrodes and how
different regions are interconnected in a three-dimensional
space. This calls for suitable three-dimensional microscopy
methods to obtain three-dimensional information about
SOFC electrodes for quantitative microstructural analysis.
Indeed, three-dimensional reconstruction and analysis of
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SOFC electrodes has been performed previously using
focused ion beam nanotomography (Gostovic et al, 2007,
Wilson & Barnett, 2008; Wilson, Duong et al., 2009; Wilson,
Gameiro et al., 2009). This technique provided some very
important parameters such as porosity, three-phase boundary
length and tortuosity of specific phases, all of which were
coupled with electrochemical simulation and used to study the
performance of the SOFC anode, but came with limitations
such as destruction of the internal structure.

A suitable tool for the non-destructive in situ character-
ization of three-dimensional microstructure of nanomaterials
is X-ray computed nanotomography (nano-CT) (Chen, Wu et
al.,, 2008; Li et al, 2009), which has also been applied to
environmental science (Patty et al., 2009) and bio-imaging (Le
Gros et al, 2005; Yang et al., 2010; Chen et al., 2010). The
development of high-precision X-ray focusing optics has
significantly improved the spatial resolution of X-ray micro-
scopy. For instance, zone-plate-based soft X-ray microscopy
with a spatial resolution of about 12 nm has been reported
(Chao et al, 2009). Full-field hard X-ray microscopy with
Zernike phase contrast at 8 keV has reached a lateral reso-
lution of better than 30 nm (Chen, Lo et al., 2008). A SOFC
sample with solid yttria-stabilized zirconia (YSZ) electrolyte
and porous Ni-YSZ anode layers was imaged using labora-
tory-source-based X-ray computed tomography (Izzo et al,
2008). Recently, this approach has been extended to
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synchrotron radiation light sources. For example, full-field
transmission X-ray microscopy has been applied to image
directly a Ni-YSZ anode and the obtained results could be
correlated well with the transport processes and losses within
the pore and Ni-YSZ phase structures of a SOFC (Shearing et
al., 2010; Grew et al., 2010).

In this paper, X-ray computed nanotomography based on a
synchrotron radiation source has been used to image non-
destructively the three-dimensional microstructure of a SOFC
cathode material. The three-dimensional reconstruction data
thus obtained allow us to calculate some critical parameters
such as the porosity, pore space connectivity and tortuosity.
All of these parameters may give useful hints to understanding
the efficiency of the electrochemical conversion in the SOFC
cathode.

2. Materials and methods

A bi-layered cathode was prepared from LSM
[(LaggSrp2)09sMnO;5, Nextech, USA] and YSZ (TZ-8Y,
Tosoh, Japan). The first LSM-YSZ (50:50 wt%) cathode
functional layer (CFL) and the second LSM cathode current-
collecting layer (CCCL) were screen-printed on top of the
annealed sputtered YSZ film. Both layers were co-sintered at
1423 K for 3 h. In this study we chose the CFL as the sample.

2.1. X-ray microscope

The experiments were performed using the transmission
hard X-ray microscope on beamline U7A at the National
Synchrotron Radiation Laboratory, Hefei, China. The detailed
experimental set-up of this X-ray microscope has been
described elsewhere (Tian et al., 2008). A 2.4 pm-thick Au
phase plate was located at the back focal plane of the objective
Fresnel zone plate to give negative Zernike phase-contrast
enhancement at 8 keV. This nano-CT system achieves a spatial
resolution down to 60 nm.

An appropriate piece of sample was glued to the end of the
tungsten scanning tunneling microscope tip fixed on the
sample holder, and then 181 two-dimensional projections were
collected at angles ranging from —90° to +90° in 1° intervals.
After background subtraction and alignment, tomographic
data were subsequently reconstructed by using Xradia soft-
ware (Tkachuk et al., 2007). Using the tomographic data, a
series of cross-section slices were generated without actual
sectioning and saved into binary data format for further data
analysis.

3. Results and discussion

Zernike phase-contrast imaging mode was used at 8 keV to
image the CFL. One of the two-dimensional cross-section
slices is shown in Fig. 1(a), where the white portion denotes
solid material and black is the pore space. First, the recon-
structed volume data are converted from greyscale to binary
format in order to calculate the porosity. Then, based on the
best threshold method (Chow & Kaneko, 1972), an image

Figure 1

(a) One-pixel-thick reconstruction slice of CFL, where the material is
white and pore space is black, and (b) the segmented slice after
thresholding.

segmentation iterative algorithm has been developed and used
to identify the appropriate threshold value of the volume data.
The maximum and the minimum grey values of the binary
image were calculated and named Ty, and Ty, respectively.
The initial threshold T was set as (Tax + Tmin)/2. Based on T,
the image was segmented into two parts. The mean value of
one part was calculated and named T, and that of the other
part was T,,,. Then a new threshold 7, = (T}, + T5,)/2 was
obtained. This iteration continued until 7, = T, which was
the eventual threshold value. If the grey value of a binary
voxel is equal or less than the threshold, the voxel is set to the
pore phase; otherwise it is set to the solid material. Fig. 1(b)
shows the segmented image, which is the same slice as shown
in Fig. 1(a). Then the cubic three-dimensional transparent
rendering (see Fig. 2b) was reconstructed based on the
segmented volume. The side length of the cubic three-
dimensional transparent rendering is 6.0 pm, corresponding to
103 pixels, meaning that the calibrated cube size of one pixel is
583 x 58.3 x 583 nm in the nano-CT system. The porosity,
calculated by dividing the sum of the number of voxels
assigned to the pore phase by the total number of voxels,
turned out to be about 39.0%. This microstructural parameter
is critical for understanding the electrochemical properties of
SOFC cathodes owing to its effects on oxygen transport in the
electrode.

Below a certain volume size the porosity of the recon-
structed volume is not representative of the entire CFL owing
to local structure effects. Thus it is necessary to ensure
whether the porosity of the reconstructed volume can repre-
sent the entire volume of the CFL. To this end, the ‘expansion
method’ was developed to determine the representative
volume size. A sketch map of this method is shown in Fig. 2(a).
One vertex of the reconstructed volume was selected arbi-
trarily as a starting point, then a number of sub-volumes that
used the starting point as their common vertex were obtained
by increasing the side length of the cube in the x, y and z
directions. Simultaneously, the porosity of each cubic volume
was calculated. In this study three vertices of the reconstructed
volume were chosen as the starting points. Fig. 2(b) shows
the relationship between sub-volume size and its porosity.
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Figure 2
(a) Sketch map of the expansion method, where the point V is the chosen
vertex. (b) Chart of the measured porosity as a function of cube size.
From this figure the minimum representative volume was determined to
be ~70 voxels per side (~4.1 um).

Evidently, the calculated porosity fluctuates with increasing
sub-volume size. However, the calculated porosity converges
to a certain value when the side of the sub-volume reaches
41 pm (equivalent to 70 pixels per side), suggesting a
macroscopic homogeneity. Thus, the reconstructed volume of
size 6 X 6 x 6 um can be extended to represent the entire CFL
in this study.

Another important parameter affecting the efficiency of
the gas conduction (pore) phase is the pore connectivity.
The segmented volume data were also used to calculate the
percentages of connected pore and unconnected pore phases
based on a method that we developed which is similar to the
‘burning’ method (Bentz & Garboczi, 1991). To illustrate the
connectivity, a two-dimensional sketch map is shown in Fig. 3,
where the black region represents the pore phase. In this map
the connected, dead end and isolated pores were defined.
According to this definition, the connectivity of the pore space
was calculated in the full three-dimensional volume. First, one
side of the image was defined as the input end and the other
one as the output end. Pore voxels in the input end were
chosen as the start points using the algorithm. Any pore voxel
that touched these start points was set to the same value. From
the input to the output end, the voxels that had the same value

Isolated
A
Connected

Dead end
C(L2)
Input Output
_»
[[llsolid phase

[ ]Pore phase

Figure 3

Conceptual representation of the connectivity of the pore phase and its
tortuosity. Pore phase is shown in white and solid phase is shown in black.
Isolated pores, connected regions and dead end pores are indicated. Point
A is the starting point, B and C are two end points corresponding to A. L;
and L, are the effective path lengths.

were considered to form a spanning cluster. Analogously, from
the output to the input end, another spanning cluster was
obtained. By comparing these two spanning clusters, the
regions where they did not overlap were considered to be
dead ends. The overlapped regions between these two span-
ning clusters were identified as connected regions. Then, the
number of connected pores and dead end pores were calcu-
lated. The sum of voxels that represent the isolated regions
were also obtained by subtracting the total number of
connected and dead end pores from the total voxels of three-
dimensional volume. Finally, the connected porosity and
disconnected porosity were calculated by dividing the number
of their respective voxels by the total pore volume.

Fig. 4(a) shows a three-dimensional rendering structure
illustrating the solid phases (red), connected pore phases
(blue) and unconnected pore phases (green). Further analysis
reveals that the connected porosity of the CFL is 38.6%, which
occupies 98.9% of the whole pore space. The unconnected
porosity is 0.4%, which corresponds to unconnected pore
space (including the isolated volume and dead pores). Shown
in Fig. 4(b) is the spatial distribution of the unconnected pore
space, which is almost isolated in the three-dimensional
microstructure of the CFL and, thus, cannot make contribu-
tions to gas transport. We note that the X-ray nanotomo-
graphy technique can also be applied to other SOFC electrode
materials and can help to improve their performance via
optimizing their microstructure for gas transport.

Finally, we discuss the tortuosity of a pore phase which is
defined as the ratio of the path length of a pore to the material
thickness and can affect the performance of the SOFC (Wilson
et al., 2006). Pore-phase tortuosity was measured using a
method that we developed and is described briefly below. A
conceptual representation of the tortuosity is shown in Fig. 3.
In the input end, one pore pixel (A, see Fig. 3) was selected as
the starting point. The pore pixels that contacted the starting
point were given the same value. Finally, the point A would
reach the output side by diffusion and there are many terminal
points, such as B and C. Then the lengths of the effective path
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Figure 4
(a) A three-dimensional cathode rendering, labelling the solid (red), connected pore (blue) and
unconnected pore phases (green). (b) A three-dimensional distribution of unconnected pore space
(blue).

(L; and L, in Fig. 3) between the starting point and the
terminal points were calculated. Similar concepts and methods
were extended to the full three-dimensional morphology. The
tortuosity of the pore phase was obtained using the average of
all these calculated effective path lengths divided by the
distance between the input end and output. The tortuosity
values in the x, y and z directions were found to be 1.32, 1.28
and 1.30, respectively. They all are close to the value of 1.5
reported previously (Steele, 2000).

4. Conclusion

In this study the three-dimensional microstructure of a CFL
was successfully reconstructed using X-ray computed tomo-
graphy. This technique is demonstrated to be a useful tool
for quantifying porous cathode microstructures. It opens up
the possibility of understanding the quantitative relationship
between electrode microstructure and performance, and may
find extensive applications in analyzing, optimizing and
designing other multiphase material systems in the future.
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