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bstract

queous co-dispersions of Lanthanum Strontium Manganite (LSM) and Yttria-Stabilized Zirconia (YSZ) were freeze-cast and partially sintered,
esulting in anisotropic, hierarchically porous composites for potential applications as solid oxide fuel cell (SOFC) cathodes. The uniform phase
ispersion was validated using SEM–EDS and FIB-SEM tomography. Using reconstructed 3D images of samples sintered at 1200 and 1300 ◦C, the
ffect of sintering on phase connectivity, triple phase boundary (TPB) density and phase tortuosity was explored. The higher sintering temperature
esulted in lower TPB density and, less open pore volume but decreased tortuosity for both the LSM and YSZ due to densification of the structure
t high temperatures. Due to the unique double-sided morphology of the freeze-cast walls and the benefits gained from less tortuous percolation

aths, a decrease in TPB density and open porosity from elevated sintering temperatures may not degrade the electrochemical performance as
uch as it would for a standard isotropic microstructure.

 2014 Elsevier Ltd. All rights reserved.
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.  Introduction

Solid oxide fuel cells (SOFC) are electrochemical devices
sed to efficiently convert chemical energy from a fuel (e.g.
2) into electrical energy. An SOFC typically is comprised of a
ense electrolyte and two porous composite electrodes. Electro-
hemical reactions take place within the composite electrodes at
he so-called triple phase boundary (TPB) where the gas (porous
hase), ionic conductor and electronic conductor meet. To func-
ion, the porous phase must be connected to a gas inlet, the ionic
onductor should be connected to the electrolyte and the electron

onductor should connect with the current collector and external
ircuit. A high operating temperature (typically between 600 and
000 ◦C) is needed to ensure adequate ionic conductivity within
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he ion-conducting material, usually Yttria-Stabilized Zirconia
YSZ). The most common materials used for the electron con-
uctor are Strontium-Doped Lanthanum Manganite (LSM) for
he cathode and nickel metal for the anode.

Powder processing techniques such as tape-casting or screen-
rinting followed by partial sintering are commonly used
ethods for obtaining SOFC electrodes which maintain suf-
cient porosity for gas access.1 The microstructure of the
lectrodes plays a crucial role in the performance of the SOFC,
nd its optimization is a complex process due to the following
unctional requirements: (1) ensure high electronic and ionic
onductivity, (2) maximize total TPB density and (3) maximize
as access to the TPBs by maintaining adequate open porosity.
n addition, handling and thermal loading require that the elec-
rodes maintain a minimum amount of strength and toughness.

It is worth noting that some of these requirements are con-
radictory; for example, gas access can be easily improved by

ncreasing porosity but this results in a decrease in conductivity
nd strength. The development of new microstructures and their
areful characterization combined with modeling approaches

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2014.09.030&domain=pdf
http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2014.09.030
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s a promising way of obtaining tailored microstructures with
n optimal compromise between the various electrode proper-
ies. In this respect, anisotropic structures offer an interesting
lternative to isotropic ones. Indeed, some of the requirements
entioned above are actually directional, namely conductiv-

ty, gas access and to a certain extent mechanical properties.
he freeze-casting process in particular can be used to obtain

 microstructure with aligned pore channels to improve gas
enetration and aligned walls to provide enhanced mechanical
roperties. This process takes advantage of the highly direc-
ional growth of ice crystals within a ceramic slurry followed
y removal of the ice crystals by sublimation to controllably
emplate a directionally porous ceramic.2,3 The green body
an then be partially sintered to obtain a hierarchical struc-
ure with aligned macro-pores (∼10–20 �m) that alternate with

icroporous ceramic walls. In the previous few years, freeze-
asted composite anodes have been produced by several research
roups,4–6 but only recently, the successful processing of freeze-
ast LSM–YSZ cathode materials has been reported.7

Within the context of freeze-cast processing as a means of
icrostructure tailoring, studying the influence of processing

arameters on the microstructure of the ceramic walls is essen-
ial. Indeed, the electrochemical performance of a freeze-cast
lectrode is highly dependent on the microstructure of its walls,
hich is controlled by the sintering temperature, freezing con-
itions and initial slurry characteristics (composition, particle
ize, dispersion, etc.).2 In particular, an essential requirement
o obtain a functioning composite electrode is the percolation
f both the ionic and electronic conducting materials. This
equirement can be met using a properly dispersed composite
uspension. If both the ionic and electronic conductors have the
ame particle size and conductivity, the ideal volume ratio for
aximum electrochemical performance would be 50:50. Since

owever, the conductivity of YSZ is over 100 times slower than
hat of LSM, a 40:60 volume ratio of LSM:YSZ has been shown
o increase performance by decreasing ohmic losses while still

aintaining percolation of both the electron- and ion-conducting
etworks.8,9

The microstructures of these directionally porous, hier-
rchical ceramics has been investigated using Focused Ion
eam-Scanning Electron Microscope (FIB-SEM) tomography,
hich is based on the serial sectioning by FIB and SEM imaging
f a sample followed by reconstruction of the SEM micrographs
nto a 3D image. This powerful technique allows the quantitative
D examination of electrode microstructures and has been used
o study the influence on electrode performance of electrode
omposition,10,11 sintering temperature12 and particle size.13

The objective of the present study is to develop a co-
ispersion procedure for LSM and YSZ to make a slurry that
an be freeze-cast, validate the phase dispersion, character-
ze the structure of freeze-cast SOFC cathode material, and to
nalyze the effect of sintering temperature on the microstruc-
ure of the microporous walls. First, the spatial dispersion and

hase composition of the LSM and YSZ phases are investigated
sing Scanning Electron Microscopy (SEM), Energy Dispersive
pectroscopy (EDS) and X-ray Diffractometry (XRD). Then
IB-SEM tomography is used to investigate the microstructure

t
t
p
t

n Ceramic Society 35 (2015) 585–595

t the scale of a single wall (∼15 �m) from two LSM–YSZ
reeze-casts sintered at two different temperatures (1200 and
300 ◦C). These temperatures were chosen as they gave signifi-
antly different micro-pore morphologies while still maintaining
dequate strength and residual porosity for use as an SOFC cath-
de. FIB-SEM characterization was used to confirm the proper
patial repartition of LSM and YSZ grains and to analyze the
ffect of the sintering temperature on the connectivity of the
SM, YSZ and pore phases within the walls of a freeze-cast
OFC cathode. FIB-SEM characterization also allows the den-
ity of TPBs as well as the tortuosity factors for all three phase
etworks (LSM, YSZ and pores) to be calculated in various
irections.

.  Experimental  procedure

.1.  Preliminary  aqueous  co-dispersion  studies

Initial attempts at slurry dispersion and freeze-casting were
ased on previously successful methods for co-dispersing SOFC
node materials.14 The LSM and YSZ powders were first ball-
illed dry to form a homogenous powder. This mixture was

lowly added into deionized (DI) water containing an ammo-
ium polymethacrylate dispersant (Darvan C-N, R.T. Vanderbilt
o., Norwalk, CT) until approximately 25 vol.% solids was

eached. The pH was not controlled during these initial attempts.
he slurries produced using this method were highly viscous and

mpossible to freeze-cast no matter the level of dispersant used.
More advanced, methods for the co-dispersion of two mate-

ials typically rely on exploiting the isoelectric points of the
ndividual materials.15 These methods alone proved inadequate
owever and the suspensions which were initially created were
nstable and resulted in the immediate segregation of LSM from
SZ. Indeed, over a broad range of experimental parameters

18–25 vol.% solids, 1.5–5 wt.% dispersant, 3–5 wt.% binder,
H = 6–10), freeze-casting resulted in the formation of spherical
SZ agglomerates, which sintered into dense spheres 10–50 �m

n size, which would embed themselves within the larger freeze-
ast matrix (Fig. 1). EDS spectra showed that these spheres were
omposed almost exclusively of YSZ. The spheres reduced the
ctive volume fraction of YSZ within the freeze-cast matrix
nhibiting the percolation of the ion-conducting phase.

Three steps were required to produce a stable, aqueous co-
ispersion. First, YSZ must be fully dispersed on its own, prior
o the addition of the LSM, thereby allowing full coverage of
he dispersant on the YSZ particles. Second, the pH of the solu-
ion during co-dispersion must be carefully controlled. Acidic
H values can potentially lead to the leaching of Yttrium ions
ut of solution while values too close to the isoelectric points
f the materials (6 and 8 for LSM and YSZ, respectively) will
esult in particle sedimentation.16–18 For these reasons, the pH
f the slurry was kept between 7 and 8. At this pH, the two
articles are oppositely charged and coagulate without segrega-

ion. Lastly, the viscosity of the slurry must remain high enough
o partially coagulate the suspension, hindering the majority of
article segregation, while at the same time be low enough
o still allow the slurry to be easily freeze-cast.7 The high
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ig. 1. Overview (a) and magnified (b) SEM micrographs of the LSM-YSZ struc
o non-ideal dispersion conditions. Samples were partially sintered to 1200 ◦C b

iscosity and the coagulated nature of the slurry led to a con-
ition in which segregation does not occur. For the LSM–YSZ
ystem, the range of usable dispersants was found to be between
.6 and 2.4 wt.% of the solids, and though these values appear
igh, they were found to be the necessary levels of dispersant
or this particular system. Once formed, these slurries are highly
table, often lasting many days without appreciable degradation.

.2.  Optimized  electrode  preparation

A 23 vol.% (61.5 wt.%) solids ceramic suspension was pre-
ared by mixing DI-water with a small amount (1.6 wt.%) of
arvan C-N at neutral pH. The solution was stirred for 20 min

o ensure complete dissolution of the dispersant. The pH of the
olution was adjusted back to neutral using nitric acid and YSZ
owder (d50 = 0.3 �m, TZ-8Y, Tosoh, Japan) was then slowly
dded while mixing. The pH was again readjusted to between pH
–8 with nitric acid and LSM powder (d50 = 0.8 �m, LSM20-
, NexTech Materials, Lewis Center, OH) was slowly added
nder continued mixing and heavy sonication (S-450 A, Bran-
on Ultrasonics, Danbury, CT). After the LSM powder had
een completely dispersed (approximately 10 min of sonica-
ion), 5 wt.% (of the solids) of a polyethylene glycol (PEG)
inder (Union Carbide Inc., Danbury, CT) was added into the
uspension.3 The ratio of LSM to YSZ was kept at a constant
0:60 vol.%.

Slurries were frozen using a copper-cooling rod attached
o a liquid nitrogen reservoir. The freezing temperature was

onitored and controlled using a PID Controller (CN7800,
mega, Stamford, CT) with a heating sleeve and thermocouple
laced around the copper-cooling rod near the freezing surface.
ynamic freezing profiles, using linearly decreasing freezing

emperatures, were used to promote approximately constant-
ized ice lamellae and ceramic walls along the length of the
reeze-casts.19–21

Before freezing, slurries were placed in a vacuum desicca-
or to remove any dissolved air. Slurries were then poured into

ylindrical acrylic molds approximately 17 mm in diameter and
5 mm tall that had been attached with vacuum grease to the
opper-cooling finger. Liquid nitrogen was added in combina-
ion with applied heat from the PID-controlled heating sleeve

e
w
t
v

ontaining dense, embedded YSZ-spheres that formed spontaneously in response
 being sectioned and imaged.

o linearly decrease the temperature of the copper rod at a con-
rolled rate of 5 ◦C/min while the top of the mold remained open
o ambient conditions. After complete solidification, the cast-
ngs were freeze-dried (FreeZone 1L, Labconco, Kansas City,

O) for a minimum of 12 h. The green bodies were carefully
emoved from their molds and then partially sintered by heat-
ng to 450 ◦C at 2 ◦C/min, holding for 30 min and then to either
200 ◦C (Sample A) or 1300 ◦C (Sample B) at 5 ◦C/min with

 2 h dwell time (CM Rapid TEMP Furnace, Bloomfield, NJ).
he two sintering temperatures produced samples with approx-

mately the same size of aligned macro-pores but with differing
icro-pore morphologies (Fig. 2).
At the low sintering temperature (Fig. 2c), individual particles

re easily distinguished, the structure appears rough and highly
orous. In contrast, at the higher sintering temperature (Fig. 2d),
ndividual particles can no longer be discerned, the overall
tructure appears to have coarsened and the micro-porosity is
ignificantly reduced.

.3.  Microstructural  analysis

In the literature, it has been observed that LSM and YSZ
ay react together under appropriate conditions to form the
a2Zr2O7 phase which is detrimental to electrode performance
ue to its low conductivity.22,23 To establish whether or not
his phase is present within the composite material, X-Ray
iffraction (XRD) patterns were taken of sintered LSM–YSZ

reeze-casts that had been crushed into a fine powder. Diffrac-
ograms were taken with an X’Pert Pro MPD diffractometer
PANalytical Company) with Bragg-Brentano Geometry and
opper K�  wavelength of 1.5418 Å. The patterns were indexed
sing the EVA software database.

To validate the spatial dispersion of both the LSM and YSZ
ithin the porous composite, elemental mapping was performed
n representative samples. Mapping was done using SEM (JSM-
000F, JEOL-USA, Inc., Peabody, MA) coupled with EDS.

A dual column FIB (Ga-ion) – field-emission gun scanning

lectron microscope (FEG-SEM NVISION 40, Carl ZEISS)
ith a 54◦ angle between the columns was used for FIB-SEM

omography. Before imaging, samples were infiltrated with a low
iscosity resin (EpoHeat, Buehler, Irvine, CA) and mechanically
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Fig. 2. Overview (a and b) and magnified (c and d) SEM micrographs of 23 vol.% ◦
c) 1200 ◦C (Sample A) and (b and d) 1300 ◦C (Sample B) showing only small diffe
significant changes in ceramic wall microstructures.
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between the unfilled pores and LSM or YSZ was not sufficient
ig. 3. Plan-view of the carbon coating and short-milled lines used to confirm
IB step size after imaging took place.

olished to a “mirror” finish. This improved contrast between
he pore, LSM and YSZ phases. A carbon coating, 1 �m thick,
hich covered the entire thickness of a single ceramic lamella,
as applied to the sample while in the microscope. Two lines

t an angle of 40◦ from one another were then short-milled into
he carbon layer. These lines served as a reference for post-
onfirming the FIB step size in the milling direction between
uccessive images (Fig. 3). Post-calculations ensured that the
verage step size corresponded with the target value of 20 nm

ith only minor variations less than 2 nm.
After adding the reference lines, the volume surrounding the

egion of interest was milled away using the FIB gun so that

o
c
p

 composite LSM-YSZ freeze-casts frozen at 5 C/min and sintered at (a and
rences in macro-pore structure at the two different sintering temperatures but

 planar cross-section of the ceramic wall was presented. Two
ypes of images (2048 ×  1536 pixels) were then taken simul-
aneously: secondary electron (SE) images were used to reveal
ny pores which were possibly unfilled by resin and backscatter
lectron (BSE) images were recorded to differentiate LSM from
SZ (Fig. 4). After both images were acquired, a 20 nm slice was

aken off from sample and another set of images was recorded of
his newly exposed surface. This procedure was repeated until
tacks of SE and BSE images of the desired sample volume were
cquired.

.4.  Image  processing,  segmentation  and  analysis

Both stacks of raw grayscale images were first aligned using
he Stackreg ImageJ plugin24 to correct for a slight thermal drift.
hen a median filter was applied to reduce the noise and improve

he subsequent segmentation of the selected region of interest.
ach phase was first segmented independently using a single

hreshold value and then several morphological operations (ero-
ion and/or dilation) were applied to eliminate artifacts caused
y the thresholding operation so that a good visual match was
btained with the initial grayscale image. For the high sintering
emperature sample (Sample B), a non-negligible fraction of the
orosity is closed and thus unfilled by the resin. The contrast
n the BSE images for good segmentation (Fig. 4b). To over-
ome this issue, the SE images were used to segment the pore
hase on this sample (Fig. 4a). The three-segmented images
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ig. 4. (a) SE image and (b) BSE image of a section of sample B (sintered at 1
SM in light gray. Pores appear black on the SE image even if unfilled by resin

ere then combined into a single image with three levels of
ray corresponding to the three different phases (Fig. 5).

The LSM:YSZ ratios extracted from the 3D segmented
mages (Table 1) compare favorably with the expected value of
0:60, which validates the segmentation process. The micro-
orosity values are also reported in Table 1 but due to the
ierarchical character of the porosity, no experimental value
s available to compare with. However, the effect of sintering
emperature on the micro-pore volume is clear.

Each phase has been geometrically analyzed in terms of size
istribution, connectivity and TPB density using image analysis.

 classical granulometry analysis with successive morpholog-
cal erosions allows the size distribution of each phase to be
btained.25,26

In order to be electrochemically active, a TPB line should be
onnected to the three percolating networks for gas conduction
open porosity), ionic conduction (YSZ) and electronic conduc-
ion (LSM). To determine if a TPB line is active or inactive,
he connectivity of its corresponding phase network must first
e analyzed for each voxel. A connectivity value (connected,
nconnected or unknown) is assigned to each voxel depending
n its connection to the overall percolating networks. As the full
lectrode could not be imaged, assumptions were made for the
onnectivity of the faces of the 3D volume (Fig. 6).
The 1-1 faces of the sample are assumed to be connected to
as channels on both sides and therefore, unconnected to the
onic and electronic conductor networks. The 2-2 faces repre-
ent either the electrolyte or current collector and are assumed

w
a
a

Fig. 5. Image processing. (a) Raw gray-scale BSE image (b) I
). In the BSE image, infiltrated resin appears black, YSZ in medium gray and
 they are only poorly visible on the BSE image (arrows).

onnected for ions and electrons but unknown for gas since there
ay be unconnected pores above and/or below the sampled vol-

me. The connectivity of the 3-3 faces is assumed unknown for
he porous, electronic and ionic phases since the sampled vol-
me’s location along the z-axis is unknown relative to the ends
f the ceramic walls.

TPB density is computed using a voxel edge detection
lgorithm.10,27,28 The values presented are corrected by a factor
f 1.455 to account for the steps due to the voxel discretization,
s proposed by Wilson et al.10 TPBs are counted as active if all
hree phases (pore, LSM and YSZ) are connected.

.5.  Calculation  of  Tortuosity

In addition to determining phase connectivity, simulations
ere performed to obtain tortuosity factors for each phase (elec-

ronic/ionic conducting and pores). The effective diffusivity was
alculated for the segmented 3D images by solving the Laplace
quation (Eq. (1)) with the GeoDict software package.29

Ci =  0 (1)
here Ci is the concentration of the species i which can be either
n ion, electron or gas molecule. Periodic conditions were used
ssuming mirror symmetry along the three orthogonal directions

mage after median filtering (c) Final segmented image.
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Table 1
FIB-SEM samples.

Sintering temperature (◦C) Sample size (�m) LSM/YSZ ratio Microporosity (vol.%)

S 7.4 ×
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ample A 1200 16.2 × 

ample B 1300 10.5 × 

n the microstructure. The tortuosity τ  in a direction k  (either x,
, or z) is then calculated as:

k = ϕDo
int

Deff
k

(2)

here Do
int is the intrinsic diffusivity of a species in its correspon-

ent phase and ϕ  represents the volume fraction of the considered
hase. This intrinsic diffusivity is normalized by the effective
iffusivity Deff

k in the tested tortuous porous structure.30,31

.  Results

.1.  Microstructural  analysis

XRD of LSM–YSZ samples sintered at 1300 ◦C and then
round into powder show that the diffractogram can be
ndexed by only two phases, YSZ (Y0.19Zr0.81O1.91) and LSM
La0.8Sr0.2MnO3). There is no indication of the La2Zr2O7 phase.
ince there was no appreciable reactivity between LSM and YSZ
t the higher sintering temperature, it is safe to assume that both
amples A and B are free of the La2Zr2O7 phase.

Looking at the microstructure itself, the procedure developed
or co-dispersing and subsequently freeze-casting LSM–YSZ
esults in visually homogenous distributions of the LSM and
SZ phases (Fig. 7). Elemental mapping shows no significant
egregation of the phases within the microstructure indicating
ood percolation of the electron and ion-conducting phases. FIB-
EM results are then used to determine phase dispersion at the
cale of individual particles.

r
B
n

ig. 6. Schematic of FIB-SEM sample and orientation of faces relative to the greater
aces are perpendicular to the freezing direction and therefore connected to the entire 

onnectivity. Both the electrolyte and current collector would presumably be applied
 9.1 42.1/57.9 25.0
 9.7 41.6/58.4 14.9

FIB-SEM 3D reconstructions for both the 1200 ◦C (Samples
) and 1300 ◦C (Sample B) show a homogenous distributions of

he LSM and YSZ phases (Fig. 8). Sample B however exhibits
 coarser microstructure with less microporosity than Sample A
14.9 vol.% versus 25 vol.%).

To quantitatively analyze the coarsening of the microstruc-
ure at the higher sintering temperature, the size distribution of
ach phase is computed through image analysis and is plotted
n Fig. 9. These data confirm that the reconstructed volumes
re good representative samples since the smallest dimensions
f each reconstructed volume (7.4 and 7.2 �m) are 12 and 10
imes larger, respectively, than the largest average particle size
LSM).32 Secondly, it is observed that the average size of the
SM particles remains approximately the same when sintering

emperature increased from 1200 ◦C to 1300 ◦C (800 nm and
40 nm, respectively), whereas the average size of the YSZ par-
icles grows from 300 nm to 550 nm after sintering to 1300 ◦C.
n addition, it should be noted that at the higher sintering tem-
erature, the cumulative volume fraction of the pores decreases
rom 25 to 14.9 vol.%.

The various phase connectivity results are reported in Fig. 10.
t is observed that all phases are nearly fully connected except
or the pore phase in the sample sintered at 1300 ◦C, which
hows a significant amount of unconnected and unknown con-
ectivity volume. To avoid dealing with volumes of unknown
onnectivity, it is possible to apportion them into connected
nd unconnected phases using the connected/unconnected phase

atio from porosity values with known connectivity. For sample
, this process results in 62% of the total porosity being con-
ected which is believed to be a more realistic value than the 35%

 microstructure. The 1-1 faces are parallel to macro-pore gas channels. The 2-2
LSM-YSZ conduction network and the 3-3 faces are assumed to have unknown

 normal to the freezing direction.
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Fig. 7. (a) SEM image of freeze-cast walls and macro pores sintered at 1200 ◦C. (b) EDS map of Zirconia (green) and Lanthanum (blue) showing the spatial
distribution of LSM and YSZ particles across two freeze-cast walls. The macro pores of the sample have been infiltrated with an epoxy resin (black regions) for
sample preparation. The freezing direction is normal to the image.

Fig. 8. 3D views of Samples A and B (1080 and 730 �m3, respectively). The y-dir
direction. Note the clear coarsening behavior that occurs at the higher sintering temp

Fig. 9. Size distribution of the three phases. (a) Low sintering temperature
(1200 ◦C) (b) High sintering temperature (1300 ◦C).
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ection corresponds to the freezing direction and the z-direction to the milling
erature.

alue obtained without counting the pore phase with unknown
onnectivity.

For electrochemical performance, proper quantitative
ccounting of the TPBs is important. TPB densities for each
ample are determined using a similar approach for connectivity:
PBs with active, inactive and unknown statuses are first deter-
ined and then the unknown TPBs are apportioned between

ctive and inactive, following the method described above. The
esults, reported in Fig. 11, show that sintering to the higher tem-
erature significantly decreases the total TPB density as well as
he proportion of TPBs that are active.

.2.  Calculated  tortuosity

Using the quantitative microstructure, the tortuosity factors in
he three spatial directions are calculated for the LSM, YSZ and
ore phases and are plotted in Fig. 12. The relevant tortuosity
irection for the conducting phases (LSM and YSZ) is the y-
irection (freezing direction), which corresponds to the direction
f current flow between the electrolyte and the current collector.
he x-direction is relevant for gas flow through the pore phase.
omputations in all directions however are of interest as they
an provide some insight into the potential anisotropic nature of

he microstructure at the scale of a single ceramic lamella.

For the YSZ and pore phases, the differences between the
, y and z-directions are negligible for both samples A and B,
emonstrating the isotropy of these phases. For the LSM phase,
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Fig. 10. (a) 3D representations of the phase connectivity of the various phases within the LSM-YSZ cathode. At the higher sintering temperature, the LSM increases
its connectivity while the pore phases becomes markedly less connected. The YSZ phase is fully connected for both samples and appears to coarsen at the higher
sintering temperature. (b) Phase connectivity in terms of volume fraction of the phases.

Fig. 11. (a) 3D representation of TPB density and connectivity within the tested sample volumes at 1200 and 1300 ◦C. (b) Computed TPB length from the reconstructed
samples. For each sample, the first bar includes the TPB length with unknown connectivity and the second bar shows the final apportioned connectivity results with
a consistent repartition of the unknown TPBs between active and inactive.
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Fig. 12. Tortuosity factors for the LSM, YSZ and pore phases. The first bar of each group (white) shows the average tortuosity value for the three computed directions
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 (perpendicular to ceramic wall), y (freezing direction) and z (milling directio
nd z directions therefore the tortuosity factor is infinite and not represented.

he tortuosity differences in the three directions are more pro-
ounced but lack a clear trend, making it difficult to conclude on
ny possible phase-related anisotropy. Also, because the LSM
articles are larger than the YSZ, the variations in LSM tortuos-
ty may be partially attributed to the relatively small number of
SM particles in the representative volume. Generally however,

ortuosity calculations show a decrease in tortuosity for both
he ionic and electronic phases at the higher sintering temper-
ture that can be attributed to coarsening of the structure. The
ore phase however experiences a dramatic increase in tortuos-
ty at the higher temperature due to the loss of porosity due to
ensification. For samples sintered at 1300 ◦C, the porosity is
o longer connected in the x and the z directions resulting in
nfinite tortuosity.

.  Discussion

The qualitative and quantitative analysis of the FIB-SEM
omography data show that a high sintering tempera-
ure (1300 ◦C) decreases the freeze-cast microporosity from
5 vol.% (at 1200 ◦C) to 14.9 vol.% also leading to a significant
egree of unconnected porosity (38 vol.% of the total micro-
ore volume). Additionally, sintering to the higher temperature
eads to an increase in grain size of the YSZ from 300 nm to
50 nm while preserving the size of the LSM grains. Overall,
here is a decrease in the total TPB density as well as the active
roportion of those TPBs. Due to densification however, tortu-
sity decreases by 40% for the LSM phase while at the same
ime tortuosity increases 100-fold for the pore phase. The tor-
uosity of the YSZ phase decreases only slightly at the higher
intering temperature. It should be emphasized that unconnected
orosity is undesirable for the cathodes since it does not con-
ribute to enhancing electrochemical activity while decreasing
he mechanical properties.
The significant growth of the YSZ grains will negatively
ffect the TPB length and nullify the TPB gain expected from
sing fine starting powders. Grain coarsening is, however, gen-
rally difficult to avoid during high temperature sintering. It is

o
1
a

r the samples sintered at 1300 ◦C, there is no percolation of porosity in the x

orth noting that Cronin et al. observed significant grain growth
or both LSM and YSZ.33 They used significantly smaller start-
ng particles for LSM, which could explain why they observed
rain growth for LSM while we do not.

The first direct consequence of the presence of unconnected
orosity within Sample B is the decrease in the active portion of
he TPBs, from nearly 100% to 38%. This comes in addition to a
ignificant decrease in the total (active and inactive) TPB length
from 8.9 �m/�m3 to 4.1 �m/�m3) due to YSZ particle coars-
ning and neck growth. However, as observed in Figs. 10 and 11,
he connected porosity and active TPBs for Sample B are local-
zed on the sides of the ceramic lamella, within a thickness of
pproximately 2 �m from the wall-edges. This seems to indicate
hat the presence of the aligned macro-pore channels allows for
ome active TPBs even with a microporosity value as low as
4.9%. In addition, decreasing the thickness of the lamella would
mprove the amount of connected pores and active TPBs. Thin-
er lamella can be achieved using faster freezing rates during
reeze-casting.

While higher sintering temperatures result in reductions to
PB density and open porosity, the significant decrease in tortu-
sity also leads to increased conductivity for both the LSM and
SZ phases. While LSM conductivity is generally not a limiting

actor for SOFC performance, due to the high intrinsic electronic
onductivity of this material at operating temperatures, it is not
he case for the low ionic conductivity of the YSZ phase that
s primarily responsible for ohmic losses. Ohmic losses limit
ell performance, and the TPB length taken alone is not nec-
ssarily the best indicator of electrochemical performance. An
ptimal microstructure results from a trade-off between activa-
ion and ohmic losses. For example, the maximum TPB length is
btained for a 50:50 LSM:YSZ ratio while the optimal ratio for
ell performance is 40:60 when accounting for ohmic losses.9,34

Our analysis indicates that if our material system were to
e used for a conventional isotropic composite LSM:YSZ cath-

de, the optimal sintering temperature would be approximately
200 ◦C, which is in agreement with Cronin et al.33 Sintering
t higher temperatures reduces performance because of the low
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ctivation due to unconnected porosity. However, the use of a
amellar, freeze-cast structure increases the active TPB density
t low microporosity values thanks to the aligned gas channels.
he optimal trade-off between activation and ohmic losses is

herefore believed to shift toward higher sintering temperatures,
hich have the added benefit of strengthening the electrode.
owever, it is noted that the optimal sintering temperature may

lso depend on the average lamella thickness. After sintering to
300 ◦C a large amount of the active TPBs are found within the
one approximately 2 �m from the gas channels while the TPBs
n the core of the lamella are inactive (Fig. 11, Sample B). Thus,
educing the lamellar size could reduce the inactive core region
nd increase the density of active TPBs. Using a thin lamel-
ar structure, it is believed that sintering temperatures as high
s 1300 ◦C could be used without compromising the density of
PBs in order to increase the ionic conductivity.

.  Conclusions

A method for co-dispersing and freeze-casting aqueous sus-
ensions of LSM and YSZ produces samples with a homogenous
istribution of phases and fully percolating networks of ion-
nd electron-conducting particles has been developed and is
eported here. FIB-SEM tomography shows that sintering to
300 ◦C results in significant coarsening of the YSZ phase and
ecreased microporosity, but a negligible effect on the LSM
hase. Additionally, the coarsened microstructure suffers from a
oss in overall TPB density as well as a reduction in the activated
roportion of those TPBs. Tortuosity calculations show that den-
ification during sintering results in reductions in tortuosity for
he solid phases (LSM and YSZ) but significant increases for the
orous phase. However, the lamellar structure appears to local-
ze activated TPBs near the lamellar surfaces, indicating that
he optimal sintering temperature depends on the lamella size
nd may be shifted higher as compared to a standard isotropic
lectrode microstructure.
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