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a b s t r a c t

Composite La0.8Sr0.2MnO3 (LSM)–Y2O3-stabilized ZrO2 (YSZ) cathodes with compositions ranging from
30:70 to 70:30 wt.% LSM:YSZ were studied both electrochemically and microstructurally. Polarization
resistance was lowest for the 50 wt.% YSZ composition, and increased symmetrically as the composition
deviated from this value. Serial-sectioning using focused ion beam-scanning electron microscopy was
implemented to reconstruct the three-dimensional cathode microstructure. Various averaged structural
parameters were determined versus composition, including phase volume fractions, surface area densi-
ties, total triple-phase boundary (TPB) densities, interfacial curvatures, phase tortuosities, and the levels
of phase connectivity. Typically >90% of the pore and YSZ networks were found to be intra-connected to
hree-dimensional (3D) microstructure
ocused ion beam (FIB) tomography
athodes

the surrounding phase, but the LSM networks showed lower connected fractions, as low as 37.5% for a
LSM weight fraction of 30%. The composition dependences of the total TPB density and electrochemically-
active TPB density (i.e., TPB’s on three fully intra-connected phases) were shown to agree reasonably well
with simple “sphere-packing” structural models. An electrochemical model that accounted for the linear-
specific resistance of TPB’s, phase intra-connectivity, and oxygen ion transport in the YSZ as influenced
by its tortuosity, was found to provide reasonable agreement with the measured polarization resistance

versus composition.

. Introduction

The most common cathode in state of the art solid oxide fuel
ells (SOFCs) utilizes a mixture of La1−xSrxMnO3 (LSM) and 8 mol%
2O3-stabilized ZrO2 (YSZ) [1–5]. LSM–YSZ composites have played
n important role in the development of SOFC technology by pro-
iding relatively low cathode polarization resistance, RP, at reduced
≤800 ◦C) operating temperature [1,4,6–8]. The cathode perfor-

ance is determined in part by the properties of LSM and YSZ, but
t is also strongly dependent on the microstructure. In particular,
P for LSM-based cathodes is usually associated with three-phase
oundaries (TPB’s), sites where the electrochemical oxygen reduc-
ion can readily occur [9]. TPB’s are lines where all three phases are
n contact, and hence the TPB density is a measure of the inter-

onnectivity of the microstructure. It has also been shown that
ntra-connectivity (i.e., percolation), the availability of continuous
etwork pathways within each phase, is also important since the
pecies involved in the oxygen reduction reaction – electrons in

∗ Corresponding author. Tel.: +1 847 491 2447; fax: +1 847 491 7820.
E-mail address: s-barnett@northwestern.edu (S. Barnett).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.09.074
© 2009 Elsevier B.V. All rights reserved.

LSM, oxygen ions in YSZ, and oxygen molecules in pores – must
be able to reach TPB’s [9–11]. TPB’s can be electrochemically active
only when this criterion is satisfied. Thus, an ideal electrode struc-
ture maximizes both its inter- and intra-connectivities. Similarly,
the tortuosity of pathways within each phase can also impact trans-
port to and from TPB’s [10,11].

Most of the LSM–YSZ studies have focused on cathodes with
∼50 vol% YSZ. Qualitatively, this composition is a reasonable
choice because it helps to assure good intra-connectivity of the
solid phases. However, relatively few experimental studies have
reported the variation of RP with LSM–YSZ composition, or ascer-
tained the structural factors that produce a low RP at a given
composition. Haanappel et al. [12] reported a highest SOFC power
density at a weight ratio of 50:50 LSM:YSZ, while Zhao et al. [9]
reported a maximum power density at an LSM–YSZ composition of
∼60 vol% YSZ. An optimal composition of 50 vol% GDC was reported
for LSM–GDC cathodes [13]. Recent composite electrode structural

models predict that the composition expected to yield the lowest
RP, i.e., where the density of electrochemically-active TPB’s is high-
est, can vary from at least 40–60 vol% YSZ depending on the LSM and
YSZ particle sizes [14]. Further study of the effect of LSM–YSZ com-
position is warranted not only to find the optimal composition for

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:s-barnett@northwestern.edu
dx.doi.org/10.1016/j.jpowsour.2009.09.074


1830 J.R. Wilson et al. / Journal of Power S

F
Y

a
o
c

c
c
t
s
m
d
(
s
t
m
m
T
m
d

2

2

c
s
w
d
w
s

P
t
p
m
c
i
L
L
d
1
n
o
a
w
s

effects such as shadowing from side walls required different
levels of image cropping. In all cases, however, the total vol-

3

ig. 1. Cross-sectional SEM image of the LSM and LSM–YSZ layers on top of the dense
SZ electrolyte pellet for the sample with a weight % ratio of 30:70 (LSM:YSZ).

given set of starting powders, but to improve our understanding
f the structural factors limiting cathode performance, including
onnectivity effects.

The present paper describes results of a combined electro-
hemical and microstructural study of LSM–YSZ cathodes with
omposition varied between 30 and 70 wt.% YSZ. While the elec-
rochemical characterization was done using classical impedance
pectroscopy measurements on symmetrical cathode samples,
icrostructural measurements were done using a recently-

eveloped focused ion beam–scanning electron microscopy
FIB–SEM) method that yields quantitative three-dimensional
tructural information [15–20] and has recently been applied
o LSM–YSZ [11]. The observed cathode electrochemical perfor-

ance versus composition is explained through electrochemical
odeling, implementing established techniques for measuring

PB densities, intra-connectivities, and tortuosities to deter-
ine the electrochemically-active three-phase boundary (EA-TPB)

ensity [10].

. Material and methods

.1. Sample preparation

The samples, consisting of LSM–YSZ cathode layers and LSM
urrent collectors on 8 mol% Y2O3-stabilized ZrO2 (YSZ) electrolyte
upports, were prepared as follows [11]. The YSZ electrolyte pellets
ere prepared by uniaxially dry pressing a mixture of YSZ pow-
er (Tosoh TZ-8YS) and a small amount of PVB binder. The pellets
ere fired at 1400 ◦C for 4 h. Identical cathodes were then deposited

ymmetrically on opposite sides of the pellets using screen printing.
The cathodes were mixtures of LSM (LSM = La0.8Sr0.2MnO3,

raxair) and YSZ, with LSM:YSZ weight ratio varied from 30:70
o 70:30 at intervals of 5%, yielding nine different cathode com-
ositions. The screen printing inks were prepared by first ball
illing the LSM and YSZ powder to thoroughly mix, and then

ombining with a Heraeus vehicle in a three-roll mill. After print-
ng, the LSM–YSZ layers were fired in air at 1175 ◦C for 1 h. Pure
SM current collector layers were then printed on top of the
SM–YSZ using ink prepared from LSM powder using the proce-
ure noted above. The samples were then fired again in air at
125 ◦C for 1 h. Fig. 1 illustrates a fracture cross-sectional scan-

ing electron micrograph (taken using a Hitachi S3400 microscope)
f the sample with the 30:70 LSM–YSZ cathode. The LSM–YSZ
nd LSM layers were both ∼10–12 �m thick; the layer thicknesses
ere consistent (to within 2 �m) throughout the composition

eries.
ources 195 (2010) 1829–1840

2.2. Electrochemical measurements

The symmetric LSM–YSZ cathode samples were electrochem-
ically characterized using a Zahner IM6 electrochemical testing
station. For each composition at least three identical samples were
fabricated from which the sample with the best performance was
used in this study. The sample-to-sample performance variation
was <10%.

2.3. FIB–SEM measurements

Image sets were collected with a Zeiss XB 1540 EsB FIB–SEM.
These images included the full width of the LSM–YSZ functional
layer, along with a portion of the YSZ electrolyte and the LSM
current collector. For the purposes of this study, the images were
cropped to include only the LSM–YSZ functional layer. This allowed
determination of averaged structural properties from the image
volume that were characteristic of the LSM–YSZ composite mate-
rial. Note that for composite electrodes, it is generally understood
that the electrode volume rather than the electrode/electrolyte
interface dominates the electrochemical properties [21]. For exam-
ple, the three-phase boundary (TPB) density within the volume of
a LSM–YSZ functional layer is expected to largely determine the
polarization behavior, with the TPB density at the interface play-
ing a minor role [22]. This assumes that there are not significant
structural anomalies at the interface, such as poor interfacial con-
tact, that might impact the electrochemistry. Examination of the
present images did not indicate any such interfacial anomalies.

The present FIB–SEM measurements utilized two measures
to produce high quality LSM–YSZ three-dimensional images,
as discussed previously [11]. First, the pores within the elec-
trode structure were filled with an impregnating epoxy prior to
the measurements to allow for better planar sectioning and to
make identification of the pore phase easier during the auto-
matic image processing. Second, contrast between the LSM and
YSZ phases was achieved by using low electron beam energy
and an energy-selective (biased) in-lens backscatter (EsB) detec-
tor. The clear contrast between the LSM, YSZ, and pore/epoxy
and the uniform contrast within each phase allowed the use
of automated procedures to rapidly segment (assign each mate-
rial phase a specific uniform color) the images for all samples.
As a result, the time required for processing an entire set of
images for one reconstruction (200–500 images) is reduced to
1–2 h. While it is commonly thought that FIB serial sectioning
is a time-consuming and labor-intensive process, the image col-
lection is also an automated procedure and takes only ≈4 h to
conduct. With the addition of the time required to align the
images, the total time for the entire procedure, starting with
FIB sample preparation and ending with a full reconstruction
with calculated microstructural data, is on the order of 1–2
days.

The resolutions and volumes of material analyzed differed
slightly between samples. In all cases, the resolution was <50 nm
in the X–Y directions (in the plane of the individual 2D images)
and in the Z-direction (perpendicular to the 2D image planes,
i.e., the sectioning direction). The volumes reconstructed were
a function of the quality of the imaging conditions, where
ume analyzed for each sample was >500 �m ; this volume has
previously been found to provide sufficient statistics to pro-
vide reasonably accurate quantitative data that are representative
of the total electrode, for electrodes with these feature sizes
[11,15].
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Fig. 2. (a) Nyquist plot of the impedance responses for selected cathode compo-
sitions measured at 800 ◦C in air. The approximate peak frequencies of the two
arcs for each sample are as follows: 8.66E + 03 Hz, 1.33E + 01 Hz (65:35); 1.15E + 04,
3.16E + 01 (55:45); 6.55E + 03, 1.78E + 01 (50:50); 6.55E + 03, 2.37E + 01 (40:60);
J.R. Wilson et al. / Journal of Po

.4. Microstructure calculations

The procedures for performing phase connectivity [10] and tor-
uosity [15] calculations on the reconstructed microstructure have
een published previously. To summarize, the tortuosity is calcu-

ated by converting the 3D structure of the phase of interest into
finite-element mesh that is solved for the steady-state diffu-

ion equation. Mean field boundary conditions are implemented
n order to reduce any effects from the sample volume bound-
ries. The intra-connectivity of a given phase is characterized by
dentifying all networks that are isolated within the sample vol-
me, those that are unknown, i.e., they appear isolated but intersect
ne of the boundaries such that the portion outside the measured
olume has unknown connectivity, and those that are connected
hroughout the structure. Once the connectivity status of each of
he particle networks is labeled, the information can be used in
onjunction with the TPB calculation in order to determine the
lectrochemically-active TPBs, defined as those that touch three
ntra-connected (percolated) phases of pore, LSM, and YSZ, respec-
ively.

TPB density calculations have also been reported previously
11,15]. The calculation is straightforward: TPB’s are identified
s voxel edges in contact with voxels of all three phases. How-
ver, when a TPB line is at an oblique angle to the cubic voxel
dges, it is approximated in the 3D data set as a zig-zag series of
rthogonal segments, effectively over-estimating the TPB density.
enney et al. acknowledge this difficulty in a recent publication
here they calculate TPB density from an electrode structure
odeled by arrangement of randomly overlapping spheres [23].

nstead of adding the orthogonal TPB line segments defined by
oxel edges, they revert to directly calculating the TPB for each
olid particle–particle overlap based on the center positions and
adii of each particle. While this is certainly a valid method for
icrostructures defined by spheres, this method cannot be used

n reconstructed experimental microstructures with orthogonally
efined voxels. Thus, a correction factor was determined to pro-
ide more accurate TPB densities. The correction factor for a given
hort length of TPB line is simply the total length of the orthogonal
oxel edge segments, that approximates the TPB in the 3D image,
ivided by the actual TPB line length. For example, if a TPB hap-
ens to run at a 45◦ angle in the X–Y plane, the correction factor �

s the sum of the X and Y orthogonal vectors divided by the actual
ength, or � =

√
2. The average value 〈�〉 of the correction factor is

btained by averaging over all TPB angles in 3D space. That is, � is
ntegrated over the surface (S) of a sphere to ensure every angle is
ounted only once, and dividing this integral by the surface area of
he sphere to find the average value. The integral is first set up in
artesian coordinates:

�〉 =
∫

S
(X + Y + Z)/

√
X2 + Y2 + Z2∫

S
dS

(1)

Converting to polar coordinates and defining the sphere surface
s (� = 1) in the octant of space where X, Y, and Z are all positive (�
nd ϕ go from 0 to �/2) gives:

�〉 =
∫ �/2

0

∫ �/2
0

(sin � cos � + sin � sin � + cos �)(sin �)(�2)d�d�∫ �/2 ∫ �/2
(sin �)(�2)d�d�
0 0

= �/4 + 3/2
�/2

≈ 1.455 (2)

ence, in the results given below, the TPB densities were obtained
y adding voxel edge lengths in the 3D data set and then dividing
y 1.455.
and 6.55E + 03, 4.22E + 01 (30:70). (b) The cathode polarization resistance at three
different temperatures for each composition, extracted from the impedance mea-
surements shown in (a). The dashed lines represent predicted cathode polarizations
from electrochemical modeling described in Section 4.2.

3. Results

3.1. Electrochemical characterization

Fig. 2a shows a Nyquist plot illustrating the impedance response
of selected cathode samples measured in air at 800 ◦C with no
applied dc voltage. The arcs for 700 and 600 ◦C are omitted, but
maintain the same general shapes as those shown here. The shapes
of the impedance arcs are similar to those reported previously
for LSM–YSZ cathodes [13], and the interpretation of the data is
assumed to be similar to that given in prior work. Here we focus on
the total cathode polarization resistance RP, obtained from the data
by taking the difference between the two real axis intercepts of the
arcs shown in Fig. 2a. Fig. 2b shows the RP values for all the cathodes
measured at three different temperatures. The 50 wt.% YSZ cathode
showed the lowest RP, with the resistance increasing quite symmet-
rically as the composition deviated from this value. These results
are consistent with those achieved by Haanappel et al., who also

varied LSM–YSZ composition through a range of 30–70 wt.% LSM
[12]. The activation energies of RP show no clear trend with cath-
ode composition, falling in a relatively narrow range from 1.03 eV
to 1.14 eV. The magnitudes of the RP values were in the range nor-
mally observed for LSM–YSZ composite cathodes measured in this
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Fig. 3. Segmented 2D images from each composition, labeled by weight %

ay [13,24]. This is perhaps not surprising given that the start-
ng powder sources and processing procedures used here are fairly
ommon. Thus, the present microstructural results are expected
o be fairly representative of LSM–YSZ cathodes studied by many
roups.

.2. Structural characterization

Fig. 3 shows representative fully-segmented two-dimensional
mages for selected cathode compositions, labeled by the wt.% YSZ.
hree different colors were used for the three phases: LSM is white,
SZ is grey, and porosity is black. Visual representations of the full
econstructed 3D volumes are shown in Fig. 4 for selected cath-
des. The LSM phase is yellow, the YSZ phase is pink, and the
orosity fully transparent. Qualitatively, the amounts of LSM and
SZ appeared to agree with the planned compositions, while the
mount of pore phase appears to remain approximately constant.
dditionally, the LSM particle size appeared to be significantly

arger than that of YSZ, in agreement with the larger average parti-
le size of the LSM starting powder (≈3.0 �m) compared to that of
he YSZ powder (≈0.5 �m) [25]. The average pore size appears to
ecome smaller as the cathodes became more YSZ rich, due to the
maller average YSZ particle size.

.3. Volume and surface area
A number of averaged microstructural parameters were
xtracted from the 3D data sets, and the data are summarized in
ig. 5. It is important to have sufficient 3D image volume to obtain
ccurate data. Analysis of the variations in average microstructural
. LSM is white, YSZ is grey, and porosity is black. Each image is 8.2 �m tall.

quantities as a function of the LSM–YSZ reconstructed volume, sim-
ilar to the method published previously [16], showed that volumes
above 500 �m3 yielded an error <2%. Fig. 5a shows the total vol-
ume reconstructed for each sample. The values varied from ∼500
to 1500 �m3 depending on the size of the segmentable serial-
sectioned data set, such that they all met the criterion for yielding
reasonably accurate structural data. Note, however, that the mini-
mum volume is dependent on the feature sizes of the composite
phases, and will be different for microstructures with larger or
smaller feature sizes.

Fig. 5b shows the measured volume percentages of each phase
versus wt.% YSZ. While volume % and weight % are effectively
interchangeable with respect to sample labeling, for the sake of
consistency, starting weight percentage of YSZ is used throughout
this paper in order to identify samples. The pore volume did not
change significantly with composition. This can be explained by
noting that the solids-loadings of the screen-printed inks were all
the same, yielding similar packing densities of the green cathode
layers, and assuming that neither the LSM nor the YSZ underwent
significant sintering shrinkage during cathode firing (1175 ◦C for
1 h). The dashed lines represent the expected YSZ and LSM volume
percentages calculated based on the starting weight % of each phase
and the measured average porosity of 50%. As can be seen, the mea-
sured YSZ and LSM volume fractions agreed well with the expected
values. This provided a good internal test showing that the specific

cathode volumes measured were representative of the total elec-
trodes, suggesting that the processing was uniform and consistent,
and that the segmentation process was accurate.

The LSM, YSZ, and pore surface area densities (normalized to
the sample volume) are plotted versus wt.% YSZ in Fig. 5c. The YSZ
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ig. 4. Visual representations of the full 3D reconstructions of selected cathodes, la
he length of one axis of each reconstruction is labeled for scale, where the total vo

urface area density increased with increasing wt.% YSZ, while the
SM surface area density showed the opposite trend, as expected
rom the variations in LSM and YSZ volumes shown in Fig. 5b. The
ashed lines are fits to these dependences assuming fixed specific
urface areas (surface area divided by phase volume) of 12.6 �m−1

or YSZ and 7.9 �m−1 for LSM. Note that the dashed lines are not
erfectly straight because they are based on the measured volume
of each phase, not the weight % used in the X-axis. The reasonably
ood agreement with the data versus composition indicates that
pecific surface area did not vary greatly with cathode composi-
ion. The larger specific surface area of YSZ agrees with the visual
bservations of smaller YSZ particles in Figs. 3 and 4. The pore sur-
ace area increased with increasing wt.% YSZ; this can be explained
y noting that the pore surface area is defined by the predominant
olid phase, such that for cathodes rich in the higher-surface-area
SZ phase, the pore surface area is higher.

.4. Intra-connectivity

The intra-connectivity of each of the three phases was assessed.

he pore phase was found to be 100% percolated for all samples, not
urprisingly given that it made up 50% of the volume of the cath-
des. As a result, the pore phase is taken to be 100% intra-connected
n the following analyses. Fig. 6 shows 3D visual representations of
he isolated (red) and unknown (blue) particle networks of LSM
by weight % YSZ. LSM is yellow and YSZ is pink, while the porosity is transparent.
of each reconstruction can be found in Fig. 5a.

(a) and YSZ (b) for three cathode compositions. Fig. 7a shows the
measured volume fraction of connected YSZ and LSM in the cath-
odes versus wt.% YSZ, which quantifies the trends that can be seen
in Fig. 6. The values were achieved by assuming that “unknown”
networks were either isolated or connected with respect to the
cathode volume outside our image area, in the same proportion
as that measured within our sample volume. For reference, error
bars are included that represent the maximum and minimum pos-
sible levels of connectivity, spanning the full volume % measured
as “unknown”. The YSZ phase was almost fully connected down to
45 wt.% YSZ (25 vol% YSZ), and the connectivity dropped to 94% at
30 wt.% YSZ (only 14.6% YSZ by volume). The LSM phase showed
substantial decreases in its connectivity as the wt.% YSZ increased,
down to <60% connected for >60 wt.% YSZ. The dashed lines shown
are the results of structural modeling, discussed in Section 4.1,
that also helps to explain the reasons for the much-different intra-
connectivities of LSM and YSZ.

3.5. Three-phase boundary density
Volumetric TPB densities are plotted versus wt.% YSZ in Fig. 7b.
The total TPB density is skewed toward the LSM-rich side. TPB
densities ranged from 6 to 9 �m−2; these values are greater than
those obtained from FIB-SEM measurements of Ni-YSZ anodes [26],
presumably due to the comparatively finer microstructure of the
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Fig. 5. Averaged cathode structural data plotted versus composition. (a) The total
volume of electrode reconstructed for each sample, with the minimum volume of
500 �m3 for <2% error shown by the dashed horizontal line. (b) The volume per-
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entages of each phase measured from the 3D reconstructions. The dashed line
epresents the expected values based on the starting weight ratios of LSM to YSZ.
c) Surface area densities of each phase; the dashed lines showing the surface area
ensities expected for constant specific surface areas for the LSM and YSZ phases.

resent electrodes. Comparison of the composition dependences
f the total TPB density in Fig. 7b with the RP values in Fig. 2
how no apparent correlation. This suggests that factors other
han the TPB density influenced RP. One such factor is the phase
ntra-connectivity shown in Fig. 6. This information yielded the
lectrochemically-active TPBs (EA-TPBs), using the criterion that
he TPB had to be on connected LSM, YSZ, and pore networks in
rder to be active. Fig. 8 shows 3D visual representations of the
PBs for 5 of the 9 compositions, with active TPBs in green, TPBs

f unknown activity in blue, and inactive TPBs in red. The influ-
nce of the unconnected LSM particle networks is apparent, as the
mount of active (green) TPBs dramatically decreased as the LSM
ontent decreased. Fig. 7b shows the resulting measured EA-TPB
ensities versus wt.% YSZ. Due to the high levels of unconnected
ources 195 (2010) 1829–1840

LSM at high YSZ content, the EA-TPB density is less than half of the
total TPB density. There was relatively minimal effect at the lowest
YSZ content due to the high YSZ connectivity noted above.

3.6. Tortuosities

The cathode pore phase tortuosity � is of interest because it
can impact concentration polarization losses [27]. The tortuosity
of the YSZ phase is also considered here because it can impact
ionic transport within the YSZ phase of the LSM–YSZ compos-
ite [26]. The LSM tortuosity was not considered because electron
transport was not expected to limit cathode performance, based
on the relatively high electronic conductivity of LSM and the rela-
tively low LSM–YSZ layer thickness. Fig. 7c shows a plot of the pore
and YSZ tortuosities versus cathode composition. A pore tortuosity
� ≈ 1.6 was observed independent of composition; cathode tortu-
osities have not been characterized, but this value is at the lower
end of the range normally observed or assumed for SOFC anodes
[28,29].

The YSZ phase showed a rapid increase in � with decreasing YSZ
content, reaching a quite high value of 6.5 for 30 wt.% YSZ. This
high � value may be explained by the long path lengths required to
circumnavigate the high density of LSM networks at low YSZ con-
tent. These � values are higher than for standard Ni-YSZ anodes,
presumably a function of the finer microstructure and lower vol-
ume percentages of YSZ that is found in the cathodes, compared
to the composite anodes [30]. This is most likely a direct result
of the fact that the cathodes are only partially sintered, producing
higher porosity and hence lower overall YSZ volume, while the Ni-
YSZ anodes are fully sintered before the porosity is produced from
reduction of NiO to Ni.

Characteristic particle diameters can be estimated from
microstructural features. If a phase is fully connected, it is expected
that the structure would best be described by a series of intercon-
nected tubes whose volume to surface area ratio is equal to 4. If
a phase consists entirely of isolated spheres, its volume to surface
area ratio would equal 6. In reality, electrode structures usually con-
sist of a combination of connected tube-like structures and isolated
spherically shaped particles. The level to which each type of shape
contributes to the overall microstructure is estimated based on the
connectivity calculations for each phase, where active volume is
treated as tubes and isolated phases are treated as spheres. As a
result, the characteristic diameter of a real microstructure is esti-
mated to be equal to the ratio of the volume to surface area times the
linear extrapolation of the amount of isolated phase between the
values of 4 and 6. Calculating the characteristic diameter for each
composition based on the measured volumes (Fig. 5b), surface areas
(Fig. 5c), and % of connectivity (Fig. 5e), yielded an average diameter
of 0.56 ± .04 �m for LSM and 0.32 ± .02 �m for YSZ, very consistent
values independent of composition.

3.7. Interfacial curvatures

Detailed analysis of the surface curvature of each phase can also
be used to calculate the type of curvature that is dominant within
the structure, revealing the prevailing shape of the particle net-
works [31,32]. The curvature is analyzed by first using software
to describe the surface of the phase as a continuous network of
triangles and their vertices, a common technique in 3D analysis.
The surface directly surrounding each vertex is analyzed to deter-
mine its two radii of curvature, R1 and R2, and this procedure is

repeated for all vertices of the structure as described elsewhere
[31]. A summation of this data is presented in Fig. 9, which plots
the probability (indicated by color) of each combination of curva-
ture values 	1 = (1/R1) and �2 = (1/R2). The diagram in the upper left
section of Fig. 9 illustrates schematically the types of curvature to
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hich each region of the interfacial shape distribution (ISD) cor-
espond [33]. Note that the distance between the origin and the
urvature probability maximum, shown in red in the plots in Fig. 9,
orresponds to the inverse of the most probable network feature
adius.

A typical example of the pore phase curvature data is shown
or the 50 wt.% YSZ cathode in Fig. 9. The data for the pore phase
howed little variation in the shape of the plot with wt.% YSZ, stay-

ng centered on a saddle-type curvature. However, the location
f the peak (red) continuously moved further from the origin as
SZ content increased, implying that the feature size of the pores
ontinuously decreased. This is in agreement with Fig. 5c, which
howed that the pore phase surface area increased with increas-
ue) particle networks for the LSM and YSZ phases for three selected compositions.
the web version of the article.)

ing YSZ content. Fig. 9 also shows an example of the LSM phase
in a 50 wt.% YSZ cathode; the highest probability was centered
at a solid-inside cylinder. The LSM phase showed a slight change
from “saddle” shaped curvature to “cylindrical” type curvature with
increasing wt.% YSZ. This is somewhat surprising considering that
the LSM phase moves from a fully connected structure at low WYSZ
to one that is more than half (by volume) isolated networks at high
WYSZ. With this type of structural change, one would expect that the

structure dominated by isolated networks would consist mostly of
curvature with positive R1 and R2 values (approximately spher-
ical), though the data showed mostly cylindrical curvature. The
reason for this result is unclear, although it could be due to sur-
face roughness on the large LSM particles that averages out most



1836 J.R. Wilson et al. / Journal of Power S

Fig. 7. (a) Measured level of connectivity of the YSZ and LSM phases as a percentage
of the total phase volume. The error bars represent the full range of possible con-
nectivity depending on what proportion of the “unknown” particle networks are
assumed to be isolated. The dashed lines represent the values estimated using the
Zhu et al. model. (b) The measured TPB and EA-TPB densities plotted versus weight
% YSZ. TPB and EA-TPB densities estimated using the Zhu et al. model are shown as
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ashed lines for comparison. In the model, particle diameters of 0.56 �m for LSM
nd 0.32 �m for YSZ were used, while the particle contact angle is assumed to be
5◦ , and an average coordination number of 6 is used. (c) Average tortuosity values
or the YSZ and pore phases.

f the spherical curvature. The YSZ phase showed the most change
hroughout the range of compositions. Fig. 9 shows the YSZ cur-
ature plots for cathodes with 70, 50, and 30 wt.% YSZ. It can be
learly seen that the YSZ phase moves from a mostly saddle-type
urvature at high YSZ content, as one would expect for a highly
ontiguous, high volume % structure, to a structure with mostly
ylindrical type (solid-inside) curvature. The latter is perhaps not
urprising considering the fact that for the 30 wt.% sample to main-
ain such high intra-connectivity at such low volume % it must

onsist mostly of connected tubes of YSZ. Overall, while the cur-
ature calculations in this case are used to reinforce other methods
f structural analysis, they can prove to be very useful in future
egradation studies that analyze morphological changes due to
oarsening [34].
ources 195 (2010) 1829–1840

4. Discussion

4.1. Effect of composition on connectivity and TPB density

The measured total TPB density showed a maximum skewed
towards an LSM-rich composition. This can be understood quanti-
tatively using composite electrode structural models that estimate
TPB densities as a function of volume fractions and particle sizes
based on random packing of spherical particles [14,23,35,36].
Fig. 7b shows a comparison of the measured and estimated total
TPB densities, the latter based on the Zhu et al. model [14]. The mag-
nitude of the estimated TPB curve agrees reasonably well with the
measured total TPB densities considering that no fitting parameters
were employed – the volume percentages and the characteris-
tic diameters determined in section 3.3 were used in the model
along with other parameters suggested by Zhu et al. [14], a par-
ticle contact angle of 15◦ and an average coordination number
of 6. The model predicts that the magnitude of the TPB densi-
ties increases with decreasing particle sizes; that is, if both types
of particles are made smaller, their higher surface areas will give
rise to higher TPB densities. For example, the predicted curve in
Fig. 7b can be made to match the experimental TPB densities by
increasing both particle sizes by ≈9% from their measured val-
ues.

The shape of the model prediction also agrees well with the
experimental TPB results, with the TPB maximum occurring at an
LSM-rich composition. In the model, the ratio of the characteristic
diameters determines the TPB maximum. The skewed maximum
can be understood by noting that the maximum opportunity for
making TPB’s occurs when the two phases have equal surface areas,
which requires a larger volume fraction of the larger-feature-size
phase.

The structural model can also address electrochemically-active
TPB densities, the subset of the total TPB density where the phase
intra-connectivity requirement is met for all three phases. For the
EA-TPB calculation, the same structural model was used, but a per-
colation theory expression was included to calculate the probability
fC that a particle is part of a percolated network [14,37],

fC =
[

1 −
(

(4.236 − Z)
2.472

)2.5
]0.4

(3)

where Z is the coordination number between same-phase parti-
cles and is a function of the particle radius and volume percentage
for each phase. Fig. 7a shows the values calculated using Eq. (3)
as dashed lines, which agree quite well with the measured intra-
connected fractions fC of LSM and YSZ. The only serious discrepancy
is at >60 wt.% YSZ (LSM volume fraction <0.2), where the measured
fC,LSM is substantially greater than the predicted value of zero. This
is probably due to the model assumption that all LSM particles have
equal sizes, whereas in reality there is significant width to the par-
ticle size distribution. The much lower intra-connectivities of LSM
compared to YSZ can be understood based on the idea that there
is a lower number density of the larger LSM particles, compared to
the same volume of smaller YSZ particles, which leads to a smaller
Z value. Thus, at equal volume fractions LSM and YSZ, there is a
higher probability of a YSZ particle having at least one YSZ neigh-
bor – leading to high connectivity – and a lower probability of a
LSM particle having at least one LSM neighbor – leading to lower
connectivity. The calculated EA-TPB density �EA-TPB was related to
the calculated total TPB density (�T-TPB) by the expression
�EA-TPB = �T-TPB fC,pore fC,LSM fC,YSZ (4)

where fC,pore ≈ 1.0 for all compositions as discussed in Section 3.4.
Fig. 7b shows that there was general agreement between the

measured EA-TPB densities and the prediction of Eq. (4). The most
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ignificant effect was due to low LSM intra-connectivity at the YSZ
ich compositions. The main discrepancy between the measured
nd calculated EA-TPB density was at low LSM content, where the
redicted �EA-TPB → 0; this arises because fC,LSM → 0 as discussed
bove. Overall, however, the present data supports the idea that
phere-packing structural models can provide reasonable predic-
ions of TPB densities, at least for powder-processed composite
athodes with relatively high porosity.

.2. Effect of microstructure on polarization resistance

A simple calculation based on the Tanner–Fung–Virkar (TFV)
omposite electrode model [38] was employed to predict RP based
n the measured microstructures. The TFV model accounts for
xygen ion transport in the ionically-conducting phase (YSZ in
he present case) by assuming that it consists of one-dimensional
olumns aligned normal to the cathode/electrolyte interface.
he effect of the cathode electronically-conducting phase (LSM
n the present case), and in particular the associated TPB’s, is

pproximated as an average surface resistance RS on the ionically-
onducting column surfaces. A tacit assumption of this model is
hat all phases are fully contiguous and that both concentration
olarization and ohmic resistances within the LSM phase are neg-

igible.
ompositions, with the active TPB’s in green, the TPB’s of unknown activity in blue,
scale, where the total volume of each reconstruction can be found in Fig. 5a. (For

web version of the article.)

In the present calculations, a model cathode was set up for each
LSM–YSZ composition based on the measured structural data (see
Section 3). The YSZ column width LYSZ was set as the measured YSZ-
phase diameter. A YSZ conductivity value of 0.021 S/cm at 800 ◦C
was used; note that this value is for Mn-doped YSZ (as expected in
a LSM–YSZ cathode), and is ∼3 times that for pure YSZ [39,40]. The
distance LPore between the YSZ columns was set such that the YSZ
volume fraction in the model cathode was equal to the measured
value for that composition. An electrode thickness was set at 12 �m,
an average of the measured cathode functional layer thicknesses.
The TPB’s were taken to be uniformly distributed on the YSZ column
surfaces, with an area-specific density �A

EA-TPB given by

�A
EA-TPB = �EA-TPB


2
, (5)

where 
 = LYSZ + LPore is the period of the YSZ columns and �EA-TPB
is the volume TPB density. The average surface resistance RS was
calculated as the product of this area-specific TPB density and the
resistance RTPB associated with a unit length of TPB, such that
RS = RTPB�EA-TPB


2
. (6)

RTPB was used as a fitting parameter below, where a constant value
was chosen to match the modeled RP result with the measured
RP value for the 50 wt.% YSZ cathode. For the LSM–YSZ cathode sys-
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em in this study, a constant value of RTPB = 1.9 × 105 � cm at 800 ◦C
as determined in this manner and is subsequently compared with
revious measurements from literature [41].

Fig. 10 shows calculated polarization resistance RP values ver-

us cathode composition compared to the measured data, both
t 800 ◦C. For purposes of illustration, the calculation was done
rst using the total TPB density in Eq. (6) (dotted line in Fig. 10).
his yielded an RP value that varied little with composition, and
hat bore little resemblance to the measured data. That is, when

ig. 10. Measured and estimated polarization resistances at 800 ◦C for composite
SM–YSZ cathodes using the TFV electrochemical model for different compositions
nd model parameters, with RTPB = 1.9 × 105 � cm.
types of curvature these regions correspond [34]. The others are interfacial shape
for each curvature combination within the structure.

connectivity effects were ignored, the agreement was poor. Using
the electrochemically-active TPB density provided better agree-
ment with the measured data (short-dashed line in Fig. 10),
particularly at high wt.% YSZ, where the low intra-LSM connec-
tivity substantially increased the predicted RP. For example, for
70 wt.% YSZ, only 55 vol% of the LSM was intra-connected, such that
�EA-TPB = 1.39 �m−2 compared to �T-TPB = 5.53 �m−2, increasing RP

to 0.897 � cm2 compared to the value of 0.246 � cm2 obtained
using the total TPB density. On the other hand, connectivity effects
did not explain the high polarization resistances measured at low
YSZ content, because the YSZ showed high connectivity at all com-
positions.

The high polarization resistance at low YSZ content can poten-
tially be explained by bulk ionic transport limitations. Such an
effect should become more pronounced as YSZ content decreases,
both because the amount of YSZ available for oxygen ion transport
decreases and because the YSZ tortuosity increases (Fig. 7c). YSZ
tortuosity was implemented in the RP calculations by dividing the
YSZ conductivity by the tortuosity factor. This serves as a correction
to the TFV model, which assumes straight-through pathways for
ion transport in YSZ columns, for the actual tortuous ion pathways
in the real cathodes. The predicted RP including the YSZ tortuosity,
shown as the long-dashed line in Fig. 10, provides better agreement
with the measured composition dependence. Overall, the agree-

ment is reasonable, perhaps as good as can be expected given the
simplified structure assumed in the calculations, compared with
the actual complex microstructure. Furthermore, the RTPB values
obtained in the fits −1.9 × 105 � cm at 800 ◦C, 5.5 × 105 � cm at
700 ◦C, and 28.7 × 105 � cm at 600 ◦C – were in reasonable agree-
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ent with values obtained in a prior patterned electrode study –
.26 × 105 � cm at 800 ◦C, 6.13 × 105 � cm at 700 ◦C, and an extrap-
lated value of 42.3 × 105 � cm at 600 ◦C [41]. They are also in fair
greement with the value RTPB ≈ 1.0 × 105 � cm at 800 ◦C reported
ased on stereological calculations [9]. The results of the full TFV
odeling when using the RTPB patterned electrode values from lit-

rature are plotted as dashed lines in Fig. 2b, as comparison to the
easured data. The modeled polarizations fit reasonably well in
agnitude with the experimental values at 700 ◦C, however they

re slightly off with respect to the 600 ◦C and 800 ◦C values. This
s a function of the fact that the activation energy of RTPB from the
atterned electrode study was ≈1.42 eV, where our experimental
alue was ≈1.08 eV. This is most likely due to the differences in
rocessing, starting materials, and impurities that highlight the
ifficulties in comparing patterned electrode results to those of
omposite electrodes from different laboratories.

A number of model simplifications probably contributed to dis-
repancies with the experimental data in Fig. 2b. For example, the
odel treats the discrete TPB reaction sites as a diffuse reaction

n the surface of the YSZ. While the density of TPBs on the YSZ
ay be large enough to allow this approximation (the distance

etween TPB segments on the YSZ column is approximately half
he width of the YSZ column), two studies using microelectrodes
ave shown that current constriction in the electrolyte at the TPB
lso adds a resistance to the electrode [42,43]. This effect is ignored
n the present calculations and should certainly increase the mea-
ured electrode polarization, particularly at low YSZ content where
he YSZ pathways are both thin and highly tortuous.

One additional factor that is not considered here is the effect
f the contact between the electrode and electrolyte inter-
ace. The present reconstructed volumes ended ∼1 �m from the
athode–electrolyte interface, such that any effects at the interface
re not included. This expediency was useful for obtaining averaged
unctional layer structural quantities, and was probably reasonable
s the overall number of TPBs in the functional layer was much
arger than that expected at the interface. However, it is possible, in
rinciple, that poor contact between the cathode YSZ phase and the
SZ electrolyte could lead to current constriction at the interface.
ecent investigations of the cathode–electrolyte interfaces of the
resent samples did not reveal poor interfacial contact or unusually
igh interfacial TPB densities [44].

Lastly, the present work has not considered the details of the
PB reaction, which could be limited primarily by kinetics at the
PB itself, or could be limited by processes occurring on surfaces
t some distance from the TPB, such as oxygen adsorption and sur-
ace diffusion on either or both the LSM and YSZ surface [45]. That
s, processes relevant to the oxygen reduction reaction may extend
characteristic distance from the TPB over the adjacent LSM–pore
nd YSZ–pore interfaces. Some studies have shown that this charac-
eristic distance on LSM is less than 1 �m [46,47]. Oxygen reduction

ay also occur on the YSZ surface, a result of substantial Mn diffu-
ion across the surface of YSZ in LSM–YSZ systems after activation
y extended polarization, over a distance of at least 10 �m [48,49].
he present structural data allows an assessment of the average
idths of the LSM–pore and YSZ–pore interfaces adjacent to TPBs

n LSM–YSZ composites. These widths can potentially affect the
TPB value. For example, if the measured widths are substantially
maller than the characteristic adsorption/diffusion distances, then
he area “feeding” the TPB would be limited, increasing RTPB.

Fig. 11 shows the measured LSM–pore and YSZ–pore inter-
ace areas, divided by the EA-TPB length, i.e., the average width

f the interface adjacent to TPBs. The LSM–pore interface width
as fairly constant at ≈0.27 �m irrespective of composition. The
SZ–pore interface width had a similar value for low YSZ content,
ut increased substantially for YSZ content increased above 50 wt.%.
ote that the value of ≈0.25 �m in Fig. 11 is comparable or less
Fig. 11. The electrochemically-active solid-pore surface area per length of EA-TPB
for both the LSM and YSZ phases as a function of the starting weight percent of YSZ.

than the estimated characteristic surface-reaction lengths noted
above, so it is certainly possible that surface-width limitations play
a role in the TPB processes. Further 3D studies of LSM–YSZ compos-
ite cathodes with different microstructures may provide additional
information about characteristic TPB widths.

5. Conclusions

Serial sectioning using FIB-SEM was implemented to recon-
struct the 3D microstructure of nine composite cathodes with
compositions ranging from 30:70–70:30 weight % LSM:YSZ. In
addition to yielding phase volume fractions, surface area densities,
phase tortuosities, and total TPB densities, the levels of connec-
tivity of the phases were analyzed in order to determine the
electrochemically-active TPB densities.

Cathode polarization resistances were measured for all of
the cathodes, and showed a strong minimum at ∼50 wt.% YSZ.
The values were compared with predictions made using a sim-
ple composite cathode electrochemical model employing the 3D
structural data. Considering only the total TPB densities yielded
poor agreement with the composition variation of the mea-
sured polarization resistance. However, model predictions using
the electrochemically-active TPB densities, and also considering
ionic transport limitations in the YSZ phase, yielded much bet-
ter agreement. In particular, the low intra-connectivity of the
LSM phase at low-LSM compositions and the high tortuosity of
the YSZ phase at low-YSZ compositions were important factors
yielding the observed high polarization resistance at these com-
position extremes. These results highlight the importance of these
microstructural features that can only be quantified using three-
dimensional imaging.

The general nature of the present results are expected to be valid
for a wide range of LSM–YSZ cathodes. However, as connectivities,
tortuosities, and TPB densities are predicted to depend strongly
on LSM and YSZ particle size distributions as well as the firing
conditions, the specific quantitative results may be substantially
different for cathodes made with different processing conditions
and particle sizes.
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