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Composite cathodes in solid oxide fuel cells (SOFCs) improve
performance byincreasing the triple phase boundary length and
providing amore continuous pathway through the electroljoe
oxygen ion transprt. These cathoddsowever,are susceptibléo
performancedegradation from exposure to contaminants such as
H-O andCQO; vapor The microstructure and connectivity ydfria-
stabilized zirconiaYSZ)/lanthanum strontium mangani{teSM)
composite cathodes were examined auantified using a dual
beam bcusedion beamécanning ectronmicroscope (FIB/SEM)

in order to determine the effect of various contaminamtsthe
performance of the SOFC%hreedimensional reconstructions of
multiple composite cathodes allowed for microstructure
guantification at nanometer resolution. Further analysis of triple
phase boundary length+s) demonstrated how the available active
sites changed as a function of cell operation and contamination. This
sort of analysis allow for a direct comparison between cathode
microstructure and polarization resistance.

Introduction

Solid oxide fuel cells (SOFCs) avery promising, fuel flexible electrochemical devices

that can be used to generate heat and electrical power. ThesdIoharability in practical
applications however, has impeded wide scale commercial adoption of the technology.
One of the leading causes of performance loss is due to degradation in the cathode layer
with longterm exposure to various contaminants sucki#3 and CO, vapor (1). This
degradation leads to significant compositional and microstructural changes that adversely
affect activation, polarization mechanisms, and ionic and electronic conductivities
Previous works have demonstrated that quantifiable microstructural characteristics can be
directly related to SOFC performance, the most important of these being active triple phase
boundary lengtiiLtre) and pore surface area (2, 3)

In this work, the microstructure of two composite cathode structures was analyzed and
guantified using a dual beam focused ion beam/scanning electron microscope (FIB/SEM)
nanotomography technique serially mill and image slices of a sample volume. These
images were then used to calculate a direct tthirmensional reconstruction of the active
region at nanometer scale. Improvements have been made to sample preparation and data
acquisition procedures, as well as pastuisition data processing, and are described.
Initial results between two samples presented and discussatunagedaseline sample
(with no exposure to contaminantajpd oneaged under FD ambientin coming works,
the performance of these degraded cells will be correlated with the measured changes in
their microstructure, developing quantitative models for the effects of cathode degradation
on microstructure.
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Experimental Details

Button Cell Fabricatiomnd Exposure

Symmetric cathodeells were produced by standard screen printing methods aising
dense sintered yttristabilized zirconia [{203)o.0s-(ZrO2)0.02, YSZ] electrolyte Tosoh
USA, Inc), and a composite cathode. The composite cathode source paste consisted of
50% lanthanum sontium manganite [(80.8S10.2)0.9sMNOz.x, LSM] and 50% 8YSZ by
weight (Fuel Cell Materials Cells were fabricated by screen printing two layers of
composite cathode paste and sintering at AD@0r 1lhr, resulting incathode dyers
approximately 35pm thick on a bulk (500 um thick) electrolyte (SeeFigure 1).We report
here the quantification of and differences between W8M-YSZ/YSZ/LSM-YSZ
symmetric cellsas fabricated (referred to henceforth as unageayd aged under FD
atmosphere(referred to as kD). The HO-exposed sample was aged at 800°C for
approximately 500 hours under a 3% -atmospheré¢flow rate of 100 sccin introduced
by flowing room temperature synthetig through oom temperature water

‘-, Composite . YSZ
o Cathode @& Electrolyte

(a)

Figurel. (a) Image of symmetric cathode button cell after fabrication and preparation for e
impedance testing. (b) Cross sectional scanning electron micrograph ofiepoggnated cell, showi
overall structure of cathode.

FIB/SEM Sample Preparation

A numberof preparatory steps were necessary to eredactronimages that werkee
of artifacts and withsufficient contrast to discern the two components of the composite
cathode:

In order to prewvet “curtaining” from appearing in the images due to inhomogeneous
milling (a common FIB artifagf the porous cathode structure was impregnated with an
epoxy resin. The epoxy impregnation procedure also enhances image contrast and ensures
that only materibon the current slice appears in each image, since thedtiage(2 kV)

SEM will not penetrate deep into the epofyWacuPrep(Allied High Tech) system was

used to impregnate the porous cathode under vacuum with a low viscosity epoxy resin
(EpoxySet Allied High Tech). Using theeat resin, significant charging was encountered
during FIB/SEM observation. To alleviate this, the epoxy resin was loaded with 1.2 vol. %
acetylene black (MTI Corporation), dispersed using 10 minutes of probe soniddti®n.
processenhanced the conductivity of the epoxy matard when combined with low-
voltage imaging parameters, allowed for high resolution and artigsctimages.
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Figure2. Sideview schematics of the orientations used during the (a) milling and (b) imaging steps
slice. The SEM and FIB columns are at a fixed offset of 52°. When milling at 0°, images can
perpendicular to the sample surface by tilting the stage by 38° (as shown in (b)). (c) FIB image te
the milling position, showing both the ion beam fiducial mark and the “C trench” that was milled to
redeposition. The area of interest is covered by a protective Pt pad. (d) SB&taken fom the imagin
position showing the same features. The face of the porous composite cathode is visible in thisima
as the protective Pt and the Pt for the ion beam fiducial (image taken before milling the fiducial).
view SEM image of th area of interest (image taken prior to cleaning redepoditon the sample face).
The stage was rotated by 90° and tilted to 52° to roughly matchi¢h¢éation shown in (a). The y, andz
directions (as referenced in the text) are defined in eaahe.

Once mounted in epoxy, the sample was mechanically planaritrdSWC abrasives
ranging from 400 —1200 grit and polished with a 3 um diamond suspension using a
MetPrep3 (Allied High Tech).

Due tothe poor contrasbetween YSZ and LSMith traditional imaging settingst
wasnecessary to modify the sample geometry and imaging corglitiom those used in
prior works(4, 5)in orderto generatesufficient contrast between the&o phasesPrimary
among these waa change to the milling orientations that allows i#mproved SEM
imaging perpendicular to the sample fadeen using the thrggh lens electron detector
(TLD). This alignment increasethe fraction of secondary electronthat areejected
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towards the detector, improvingetéctor gain and theesulting image contrastThe
modified orientation also limitshe shadowing that occurewards the bottom of each
image when imaged at an ac(f2°) angle.This improvement comes at the expense of
additional time required to orient the stage before milleagh slice.The primary
preparation steps involve depositing a protective Pt layer over the region of interest (ROI),
milling a distinct ion beam fiducial mark, milling a “@ench” around the ROI, and
polishing the sample face using a cleaning ceession patterrfrigure 2 fowsschematis

of thesampleorientation for each step, as well as overview FIB/SEM images of the sample
areaduring FIB preparation.

FIB/SEM Slice and View

Once the samples were fully prepared, an FEI Helios NanoLalFEY@EM was
combined with the Auto Slice and View G8ftware (FEI) tautomaticallymill and image
serial slices (in the direction)throughthe ROI, yielding a stack of 2D images. The slice
thickness used in this work was 30n, which was sufficiently small to accurately
reconstruct the smallest particles encountd@d Typically, at least 150 slices were
obtained during each experimeiihe imaging orientation used in this work also differed
from previows studies on SOFC cathodds 5) Rather than milling slices parallel to the
cathode/electrolyte interface, this work used slices milled orthogonal to this direction
ensuring that the interface was present in every image, thus improving the reliability of the
reconstruction near the phase boundary

Optimization of imaging parameters was required in order to obtain the best contrast
between each phase in the composite cathode. The SEM was operated at a 2 kV
accelerating voltage and 100 pA beam currerth a3 ps dwell time per pixel at a 4 mm
working distance. The gain of the TLD was maximized and the suction voltage increased
to the maximum 245 V to attract the greatest nunabeectrons. During the course of
imaging, it was observed that the contiistach phase improved after initial exposure to
the electron beam, due to a small degree of chargititge YSZ regionscausing them to
bemme significantly brighter after exposure. To exploit this, the-&ttas routine present
in the Slice and View software was used to ensure each slice wasgaged before final
imaging. Example SEM images are displayedrigure 3(a) The dimensiors shown in
these images are typical, and result in reconstructed volunagpdximately 300 - 400
um?®. This is on the same order as volumes used in previous \{|&rk3 and contains
enough discrete particles to be considered a representative volume.

Postacquisition Data Analysis

Once the images were acquired, subsequent data analysis was performed using the
Avizo Fire software package (FEI Visualization Sciences Group).

Image Posprocessing After acquisition, eachmage was filtered using a two
dimensional norecal means filter.The algorithm used is particularly effective at
denoising FIB/SEM images and operates by comparing the neighborhoods of each voxel
in the image (8)Once denoised, the image stack was cropped to the area of interest, and
aligned using either the automated lesgiares alignment procedure in Aviaw, the
StackReg plugin for Fiji (9).
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Figure3. (a) Example of serial images acquired during a slicevéawd run. The bulk YSZ electrolyte
visible to the left of each image, with the composite cathode on the right. (b) Serial images are reci
into a representative 3D surface model after segmentation for further quantification. YSZ (white
(gray), and pore (dark gray) phases are shown. Data are from unaged composite cathode sample

Semiauomated Image SegmentatiorA critical component of the reconstruction
process is the image segmentation, where each pixel (or voxel, in 3D)gisedstd a
particular phase (see Figure 3J(bBeginning wih highquality images is of utmost
importance, and greatly facilitates the segmentation process. A number of different
techniques were testebut ultimately a semautomated process using Avizo was chosen
for its effectiveness, accuracy, and relative ease of use. This process was as follows: an
interactive watershed segmentation iiest performed to obtain a rough segmentation.
This result wasypically moderatelyaccurate, but containednumber of errors that needed
manual correcting, due to contrast variations within individual particles. Ahdbp
thresholding step usually corredterrors that occurredvithin particles and near the
particle boundaries. Following this, manual correction of any remaining errors was
typically quickly achieved using th&low Tool” provided by Avizo. In this manner, a full
dataset could be accurately segmented within a few hours, depending on the quality of the
initial images.

Three Dimensional Microstructure Reconstruction Once segmented, 3D
reconstructios were cread using the Surface Generation modules of Aviklbese
models were constructed using constrained smoothing of the segmentetbléibelshe
overestimation of surface area caused by discrete voxel Slzesnodelséxampleshown
in Figure 3(b))werethen used to calculate statistical quantities for each phase, including
phase volume, surface area, average particle size, center of gravity, and tortuosity. Average
particle size was determined using the BET formula, which estimates spherically
equivalentparticle diameterd) from the phase volum@/) and surface are&) (10):

D=6*V/S [1]

Tortuosity was calculatelly comparing the Euclidean distance betweercémtroics
of each phasen everyslice and the projected distance for each dimengibrRepeating
this forthethreeorthogonatimensions gave a measureaaf/anisotropy in the tortuosity.
This calculation was implemented in MATLAB

Finally, the 3D surface model walsinned homotopically in order to develop a 3D
model of each phase’s connectivitytilizing the Centerline Treenodule of the Avizo
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software(11). Using this technique, a variety of parameters can be calculated for each
phase, includinghe number of nodedNj and edgesH) in the network, the average
topological length (k>), theaverage connectivity or mean degrekx), and the maximum
observed degreek{ay. Definitions of these parameters are given in. (@%e of the
Centerline algorithm gives significant improvement compared to the Skeletonization
technique that has been used previously TBg Certerline Tree calculation ensures a
calculated network with no loops, and prevestarburst’ clusters that can appear in the
data that artificially inflate k> and kax

Triple Phase Boundary Analysik has been well established that there is a direct
relationship between the triple phase boundary lergi)(in composite electrodes and
the charge transfer and adsorption polarization resistamt¢les SOF(Q3, 12) TheLtprs
parameters regarded as one of the most significant microstructural properties in SOFCs,
and its calculation provides direct insight into cell performance. Many methods exist to
calculate Lyeg (13), and this work utilizesan edge connectivity analysis technique
documented previously (12Briefly, TPBs are identified where a voxel edge is shared
between all three phases (LSM, YSZ, and porag Euclidean distansdetween each
pair of TPB poing areadded to obtaithe total TPB lengthlL&es). For canparison,Ltps
was also calculated using the volume expansion method. This method computes a
volumetric expansion of each phase, giving areas of overlap. Once thinned, the points
where all three phases overlap represent the TPB network. This methoceinénidd in
the Avizo software (14)

Results and Discussion

The two samplesinvestigated in this work were sliced, imaged, stacked, and
reconstructedusing the Avizo sdifvare, as described aboveheT total reconstructed
cathode volumes (excluding the bulk electrolyte) for the unaged a@dsample were
276.84 um? and 78.77 um?®, respectively. Due to smaller individual slice sizes of 30 nm,
these volumes are smaller thaepous works (7)buttheseslices ensureesolutionhigh
enough to sufficiently reconstruct individual particles within the voluifee volume
analyzed for the HD sample howeveis smaller than desired due to an interruption in
sample acquisitionT his small volume, and in particular, the shodimension (se€&igure
4) may preclude the volume from being representative of the sample as a ahole.
preliminary analysis of the 4@ sample is provided upon the available data, which will
later be corroborated with a larger dataset.

Surface Reconstruction

The 3D surface reconstructions for each sample are showkigure 4(a, c).
Microstructural details calculated from these surfaces are displayed in Table I.
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TABLE I. Surface quantification

Material Surface A;rea Volum3e S,ZAIV , Phas_e volume A\_/erage E)article
SA (um°) V(@um®) (pum7pm°) fraction (%) diameter (nm)
Unaged Pore 2633.71 154.84 17.01 55.93% 352.75
LSM 1137.91 57.66 19.73 20.83% 304.04
YSz 1834.36 64.34 28.51 23.24% 210.44
Totals 5605.98 276.84  20.25(avg.) 100.00% 296.30 (avg.)
H20 Pore 626.68 42.08 14.89 53.42% 402.87
LSM 357.10 24.85 14.37 31.55% 417.56
YSz 381.46 11.84 32.21 15.04% 186.29
Totals 1365.24 78.77  17.33(avg.) 100.00% 346.20 (avg.)

" Average particle diameter éslculated using Equatidh

(a) (b)

(c) (d)

Figure4. (a) Surface model and (b) skeletonization of unaged reconstructed SOFC composite catr
space is represented by dark gray, LSM by metgr(rediate gray), and YSZ by the yellow materidight
gray; color online). Skeleton thickness is proportional to local phase thickness at each point. ROI din
are 5.25 (along) x 7.0 (alongy) x 9.5 (along yum?3. (c) Surface model and (d) skeleization of HO SOF(C
cathode. Colors are same as for unaged sample. ROI dimensions are 1.0 x 8.25 x 11.25 pm®.
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The directly comparable quantities are the volume normalized surfaceSaved, (
phase volumdraction, and average particle diameterdgalculatedrom Equation 1)SA/V
wascalculated using the surface area and volume for each phase independently. In general,
the relatively high SA/Walues measured agree with the fine microstructure observed in
theimages. The porosity of about 50% for each sample agrees with priostiembions
of LSM-YSZ composite cathod¢g). Large LSM particles were observed in both samples,
the presence of which are due to a large disparity in particle size between the LSM and
YSZ present prior to cell processing. This disparity was confirmed by a largely bimodal
distribution of particle sizes observed in a dynamic light scattering measurement of the
source material.

The phase fractions of LSM (20.83%) and YSZ (23.24%) measured for the unaged
sample give a solid phase volume fraction of 47.27/52.73% (LSM/YSZ), in good
agreement with thexpected ratio of 47.6/52.4%, determined from the cathode source
materials’ starting weight ratio of 50/50%. This agreement with expected values suggests
a valid and representative reconstruction was obtained. Conversely, the solid ratio for the
H2>O reconstuctionwas 67.7/32.3%, in very poor agreement with the soraibe This
implieseither a significant change in material properties due to aging@ekoosure, or
(more likely) that theROI volume for the HO samplemay not be representative of the
sanple as a whole, and thus the results are likely skewed by the presence of large LSM
particles (see Figure 4(c) for a visualization of these particles). Further analysis of this
samplewith a larger ROI volume wilbe necessaryAdditionally, chemical composition
analysis will be performed using transmission electron microscopy (TEM) amy X
energy dispersive spectroscopy (EDS) to investigate whether the formation of secondary
phases (such as 1&-.07 or SrZrQ) may contribute to unexpected variations in the phase
volume fractions.
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TABLE II. Connectivty quantification

Material NV (um®)  E/NV (um?®) <k> Kmax <L> (nm)

Unaged Pore 32.91 31.96 1.94+x1.00 4 328.89
LSM 23.36 16.92 1.45+0.84 4 259.85

YSZ 38.32 34.88 1.82 £0.99 4 292.37

H20 Pore 22.70 22.44 2.34 £0.94 4 399.50
LSM 25.62 17.14 1.34 £0.75 4 125.01

YSZ 38.44 29.92 1.56 £ 0.90 4 257.82

N/V = volume normalized number of verticds< total cathode reconstructed volumg)y = volume normalized
number of edge segmentd>= mean degredmax= maximum degree;ls> = average togogical length
Phase fractions for each material were evaluated as a function of distancdrom

composite cathode/electrolyte interface. The results for this analysis are shown in Figure
5. This calculation reveals whether the structure of the cathode changes significantly near
the interface with the bulk electrolyte. The relatively flat profile&igure 5(a) indiate
that little change in thehase fractions occurs over the 8 um regionclosest to the bulk
electrolyte in the unaged sample. The profileBigure 5(b) show much greater variation
in the HO sample. This ipreliminarily attributed to the effect of the large LSM particles
observed in this samplen combination with the very shortdkmensionanalyzedn this
data set. The average phase fraction of YSZ is lower than that in the unaged sample,
however, and it is unclear whethérs is due tdhe size of the ROI, or an effect of either
aging, BO exposure, or a combination. This analysis will be repeated on another data
collection of the HO sample and compared with an unexposed sample that receives the
same thermal treatment to isolate the effects of each process

Skeletonization and Connectivity

Theresults of the skeletonization of each phase utilizing the Centerline Tree technique
within Avizo are shown irFigure 4(b, d) The corresponding detsibf the connectivity are
reproducedn Tablell. As can be seen in these results, using the Centerline algorithm
prevents the calculation ofstarburst clustersthat were often observed usinghe
AutoSkeletm techniqueThese clusters ga rise to artificially high values for the degree
of connectivity K), especially near large particles (seports okmaxin (4) for an example
of this). In the present datag largest degree observed was 4, suggesting a more physically
appropriate skeletonization.

A few conclusions can be drawn from the connectivity data in Table II. First, the
volume normalized number of nodes and edgesiamngsimilar for the LSM and YSZ
phases in both sampléBhis suggests that while the volume observed in t@ $ample
may not be representative of the overall surface charstatsyiit may be large enough to
captureoverall trends irthe connectivity. These values are smaller for the pore phase in
the HO sample though, which together with the larger,<mply a more connected pore
structure in this sample. The mean degréesS® and YSZ are both higher in the unaged
structure, showing a larger connectivity compared to the aged sample. Likewise, these
phases have longel s in the unaged data when compared to th® Bample. Further
analysis of the FD sample is needed to ensure that these effects on connectivity are due
to the button cell performance history, rather than the specifiocvBiOine.
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TABLE IV. Tortuosity quantification*

Material Tx Ty Tz
Unaged Pore 1.40 1.30 1.47
LSM 1.81 1.85 2.60
YSz 1.94 1.86 2.07
H20 Pore 1.47 1.91 241
LSM 1.97 2.62 3.70
YSz 3.20 3.82 4.13

" Tortuosity for each directiorty) is calculated by comparing the center of mass of each phase on the slices
orthogonal to direction

Tortuosity Quantification

The tortuosity is a measure of the difficulty with which a particle can travel through a
given volume. h the composite cathode, the tortuosity of the pore structure is particularly
relevant to the gas diffusion polarization measured for the cell. Additionaly, the tortuosity
of the YSZ phase will affect the path of oxygen ions, although this effect is not expected
to be a limiting factor in these LSM/YSZ composite cathd@dgd ortuosity for each phase
was calculated for the two samples, in each othheeorthogonal directions. This was
done by reslicinghe data after segmentation using Fiji, and running a MALagram to
calculate the center of mass (centroid) of every phase on each image. A similar module
exists in Avizo, but assumes cubic voxels, and will return inaccurate results if this
assumption is not met. The script used in this work allows for anisotropic voxel sizes
without affecting the accuracy of the output. The results are displayed in Table IIl.

As evidenced in Tabldl, the tortuosity values for the unaged sample appear to be
predominatly isotropic. Tortuosity in the direction ;) for the LSM phase is slightly
larger, but this could be due to the specific orientation of the larger LSM particles within
the volune, and increasing the ROI volume may improve the isotadplge resultsThe t
values observed for the unaged pore network are smaller than have been reported for other
porous cathodes (3, 5, 18Jthough each of these catlesdhad smaller volume porosities
(less than 40%). This indites easier gas diffusion throughout the structures with higher
porosity, as would be expected. TheCHsample displays greater anisotropy in its
tortuosity, with 1, valuessubstantiallylarger than the other dimensions for each phase,
although the YSZ 1 values agree fairly weWith those that have been previously reported
for LSM/YSZ composite cathodes (7) is expected that the observadisotropyin the
H-O sample iglue to the high aspect ratio of the volume sampldtese values will be
inspectedhgain on a more cubic data,shtsfurtherdiscussion of the relationship between
the O and unaged sampldsrtuositiesis reserved until that time.

Triple Phase Boundary Quantification

The final microstructural quantification performed in this work teedetermination
of thetotal triplephase boundary lengths. As explained previqublg was calculated in
two ways. The first involvedhanually identifying each point that was bordered by all three
phases, and calculating the summed length of voxel edges in botditeeton and x/y-
directions(12). This method magverestimate the total length (see Figure 4 of {ddan
illustration), but provides a relatively simple means by whidtatoulaterrs. The second
method used to callate Ltre was the volume expansion method. The results of this
method are reported in Table.IVhese values are totlatrs lengths, and do not take into
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account the fraction of TPB sites that will inevitably be ina&ctbecause they are
disconnectedrom a percolated network of each phase. Thus, these values are an upper
limit to the density of electrochemically active sti€s.directly compare the two samples,
the total TPB lengthLgrs) was divided by the volume othe reconstructed cathode
(Vcathodd to obtain the volumetric TPB densityrés). The prtps valuesfound for both
samplesare similar, but slightly higher than previously reported for similar porous (40
50%) reconstructed and thretical composite cathodes. Hovalues ranged from 5.2 —
7.35 um/um? (7, 16) By comparison, theties values found by edge counting were about
anorder of magnitude smalles€eTablelV), indicating that further refinement of these
methods is necessary to ensure accuratecalculatiors are obtained

Regardless of theethod used, these results show a significant decreases iopthe
H-O sample\Whencompared with the unageds with the other resultg,is premature to
assign this effect to a particular caudoth the aging procesand exposure to
contaminatiorcould becatalysts for this change, but the limited ROI volumethe HO
sample couldartificially affect the resultes well. Further analysis of a largeample
volume is necessaryRefinementand analysis of thetks measurementnethods isalso
required to ensure accurate comparisons between samples, and implementation of an
improved centroiebased calculatioto measure teg (that also calculates the active site
fraction)is currently in progress (14).

TABLE V. Preliminary triple phase boundary quantificaton

Ltps" (um) Vcathode (nm®) pree* (um/pm°)
Unaged 3564.34 276.84 12.88
H20 802.94 78.77 10.19
Lres" (um) Vcathode (um?®) pres’ (um/pmd)
Unaged 871.33 276.84 3.15
H20 94.75 78.77 1.20

"Valuescalculated using the volume expansion metfidejuescalculated using edge
summation method

Conclusions

Microstructural reconstruction and quantification was performed on two symmetric
LSM/YSZ composite cathode button cell SOFCs that underwent differing performance
testing proceduresthermal histories, and environmental exposuReconstruction was
performed using a 3D nanotomography process with FIB/SEM. Improvements in sample
preparation and imaging techniques were discussed. Calculation of surface reconstructions
and quantifications of phase surface area, volume, phase fraction, and particle size were
reported, along with skeletonization and phase connectivity results. Tortuosity and total
triple phase boundary letigwere calculated and their effects briefly discus$ad.effects
of sample volume on each of the measured parameters was discussed, and directions for
future inquiry outlinedMore detailed comparisons between the unaged aBdebdposed
sample are reserved until sample volume size effects are ruled out.

The FIB/SEM nanotomography methods outlined in this work allow for direct
observation of microstructural changes in the SOFC. The technique generates a vast
amount of data, and the complimentary data processing provides useful information that
can be directly correlated with cell performance. Visualization of dais provides
enhanced understanding of the degradation processes that occur during Qpemdtion
allow quantificatiorof the effects of contamination and the aging process.
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