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Abstract

Solid oxide fuel cells (SOFCs) are becoming increasingly important due to their high electrical efficiency, the
flexible choice of fuels and relatively low emissions of pollutants. However, the increasingly growing demands for
electrochemical devices require further performance improvements as for example by reducing degradation effects.
Since it is well known that the 3D electrode morphology, which is significantly influenced by the underlying
manufacturing process, has a profound impact on the resulting performance, a deeper understanding for the
structural changes caused by modifications of the manufacturing process or degradation phenomena is desirable.
In the present paper, we investigate the influence of the annealing time and the operating temperature on the 3D
morphology of SOFC anodes using 3D image data obtained by focused-ion beam scanning electron microscopy,
which is segmented into gadolinium-doped ceria, nickel and pore space. In addition, structural differences caused
by manufacturing the anode via infiltration or powder technology, respectively, are analyzed quantitatively by
means of various geometrical descriptors such as specific surface area, mean geodesic tortuosity, and constrictivity.
The computation of these descriptors from 3D image data is carried out both globally as well as locally to quantify
the heterogeneity of the anode structure.
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1 Introduction

Solid oxide fuel cells (SOFCs) are becoming increasingly important due to their high electrical efficiency, the flexible
choice of fuels and relatively low emissions of pollutants [1-4]. Thus, applications of SOFCs range from stationary
power generation in the private as well as the industrial sector to electric vehicles, where they can be considered
as emerging technology. However, the steadily growing demands for electrochemical devices in combination with
open problems such as pronounced degradation mechanisms require further technological progress to unlock the full
potential of fuel cells as an efficient alternative to traditional fossil fuel-based energy sources [5,6]. One possibility
to achieve this goal is the transition towards novel materials as for example the replacement of yttria-stabilized
zirconia (YSZ) by gadolinium-doped ceria (GDC), which offers a higher ionic conductivity at lower temperatures
compared to YSZ [7-10]. This also reduces thermal degradation effects and thus increases the durability of SOFCs.
Besides further optimizing the performance of SOFCs via improving the properties of the underlying materials, tun-
ing the 3D morphology of the electrodes is a promising strategy since it is well known that the 3D morphology has
a profound impact on fuel transport within the pore space, electric transport as well as ionic transport within the
electrolyte [11-14]. Moreover, not only the spatial distribution of each phase is of interest, but also the length of
the triple-phase boundary (TPB), where the chemical reaction mainly takes place. More precisely, at the anode the
fuel gas (typical choices are hydrogen or methane) is oxidized, which results in electrons that are transported to the
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cathode through an external circuit. At the cathode, these electrons are used to power the reduction reaction of
oxygen, which react to oxygen ions. In order to quantitatively characterize the 3D morphology of SOFC electrodes
at the relevant scale, focused ion beam scanning electron microscopy (FIB-SEM) is a frequent choice [15-19].

Note that the 3D morphology of GDC-based SOFC anodes significantly differs from that of the conventional YSZ-
based anodes. In [9], it is shown that the low polarization resistance of GDC-based anodes is related to the material
properties and the microstructure of the anode. Additionally, several studies have examined the degradation effects
on microstructure. For example, the studies in [20,21] investigate degradation effects for long term exposition to
humidified and dry hydrogen atmospheres, analyzing volume fractions, particle size distributions, TPB and specific
surface areas. Similarly, degradation effects on the microstructure for cell operation up to 20000 hours are analyzed
in [22] by computing geometrical descriptors such as TPB, particle size distribution and porosity, showing that the
nickel and GDC phases tend to coarsening. A shorter operational period is considered in [23] to analyze the changes
in the microstructure of nickel and GDC grains as well as the overall microstructure. Moreover, it turned out that
local heterogeneities of electrodes have a profound impact on the resulting performance [24-26].

In the present paper, we consider eight GDC-based SOFC anodes, which are imaged via 3D FIB-SEM. The resulting
image data is used as a basis for a comprehensive structural characterization of these anodes, which differ with regard
to their operating conditions (i.e., operating temperature and annealing time) and the underlying manufacturing
process (powder technology or infiltration). The quantitative structural analysis of these SOFC anodes by means of
various geometrical descriptors allows for a deeper understanding of process-structure relationships and degradation
phenomena, which is crucial for the design of SOFC anodes with improved electrochemical properties.

The rest of this paper is organized as follows. In Section 2, the manufacturing process of the SOFC anodes including
the underlying materials and the operating conditions, the imaging via 3D FIB-SEM and the segmentation of the
resulting image data into nickel, GDC and pore space is explained. Next, the geometrical descriptors that are used
for the quantitative structural analysis of the anodes - including, among others, volume fraction, specific surface area,
and mean length of TPB per unit volume - are presented in Section 3. Section 4 contains a detailed, quantitative
analysis of the influence of the operating temperature, the annealing time, as well as the manufacturing process on
the resulting 3D morphology of the anodes. Finally, the paper is concluded by a summary of the main results and
an outlook to future research activities.

2 Experimental

This section covers the description of the manufacturing processes for seven SOFC anodes, including underlying
materials as well as operating conditions (Section 2.1), tomographic imaging via 3D FIB-SEM (Section 2.2) and,
finally, segmentation of the 3D image data into nickel, GDC and pore space (Section 2.3).

2.1 Electrode materials, manufacturing and aging

In the present paper, two different manufacturing processes for SOFC anodes, which have an electrode surface area
of 1cm?, are considered: powder technology and infiltration.

In the first case, symmetrical cells consisting of an 8 mol-% YSZ electrolyte from the company Kerafol© (Eschenbach
i.d.Opf., Germany) sandwiched in between GDC interlayers were produced. The GDC powder (Gdg.1Ceg.901.95)
was commercially available from Fuelcellmaterials and transformed into a paste by the standard procedure of
Forschungszentrum Jiillich GmbH, using a-terpineole as a dispersion medium and ethylcellulose as a transport
medium. The GDC interlayer was sintered at 1300 °C for three hours. The functional layer (50 w% NiO, 50 w% GDC)
was produced in the same way using, commercially available GDC powder (Gdg.1Ceg.901.95) from Fuelcellmaterials
and NiO powder from G. Vogler B.V. in a 50:50 w% ratio. The functional layer was sintered at 1400 °C for three hours.

For the infiltration experiment, an additional NiO layer was screen printed on both sides of the GDC sandwiched 8
mol-% YSZ electrolyte. Note that a NiO layer is chosen instead of a pure Ni layer due to facilitate the infiltration
process. The infiltration of the NiO layer was conducted, using a GDC(NO3)3 solution (3mol). Therefore, the cells



were immersed into the solution for about five minutes under vacuum, dried and sintered at 500 °C for 3 h. Different
sintering temperatures for the scaffold were used and a variety of repetitions for the infiltration steps was tested. In
the above-described cases, an additional contact layer of NiO was added on top, using screen printing method and
dried at 80 °C overnight.

In case of the SOFC anodes manufactured via the infiltration process, the cells were gradually heated in a mixture
of 95% Ny and 5% Hs at a rate of 1 Kmin~! until reaching 650 °C. At this temperature, the gas composition was
changed to 65% N2, 30 %Hs, and 5%H>0 and maintained for six hours. Subsequently, the gas composition was
adjusted to 3.7 10~*mols™! of hydrogen and 9.2 105 mols~! of oxygen to create a 1:1 hydrogen/steam mixture.
Electrochemical impedance spectroscopy (EIS) was then used to characterize the cells at 650 °C and 600 °C, see [27]
for further details. Two of the three cells, which are manufactured via the infiltration process, were subjected to
additional high-temperature treatments under the aging conditions detailed in Table 2 of [28]. During the aging
process, reference impedance measurements at 600 °C were conducted on both cells every few hundred hours.

2.2 Tomographic imaging

Tomographic imaging has been carried out with 3D FIB-SEM using a Helios 5 Hydra DualBeam (ThermoFisher)
with a concentric backscatter detector. An acceleration voltage of 3keV and a current of 0.8nA is used. Some
samples have been imaged with a voxel size of 20nm and some with 50 nm, see Table 1 for a detailed overview of
all considered anode samples. Note that for anodes manufactured by means of the infiltration technology a higher
resolution is chosen, due to the finer microstructure. For anodes manufactured by means of the powder technology a
lower resolution is sufficient for the microstructure analysis. However, to compare the two manufacturing processes
for sample G, a resolution of 20 nm is required.

sample| manufacturing | reduction temp. | annealing time | operating temp. | voxel size [nm| | image size [pm]
process [°C] [h] [°C]

A powder 800 0 - 50 6.4 x 37.0 x 28.2
B powder 800 240 900 50 8.0 x 25.0 x 24.0
C powder 800 1100 900 50 7.7 x22.7x29.2
D infiltration 650 640 900 20 4.5 x 171 x14.2
E infiltration 650 0 - 20 7.9 x 15.8 x 13.6
F infiltration 650 1000 700 20 5.9 x 19.7 x 17.6
G powder 650 0 - 20 6.9 x 18.8 x 20.6

Table 1: Sample information including manufacturing process, reduction temperature, annealing time, operating
temperature and voxel size.

2.3 Image processing

At first, the 3D grayscale image data has been denoised using a total variation filter with a denoising weight of
50 [29]. Next, the grayvalue histogram of the denoised 3D image is computed and partitioned into five regions,
namely pore markers, nickel markers, GDC markers and two intermediate regions. Each of the two intermediate
regions corresponds to 10% of all voxels with grayvalues, where one can not yet distinguish between pore space and
nickel or between nickel and GDC | respectively. Next, markers are removed if they are close to some interface, which
is quantified by the upper 20 % quantile of highest gradient values. Note that the edge magnitude using the Scharr
transform is exploited to compute the gradient [30]. Moreover, markers are removed near “cracks”, which is defined
as highest 2 % (in case of the samples with a voxel size of 20nm) or 5 % (in case of the samples with a voxel size
of 50nm) values after Meijering filtering [31]. The remaining markers are then used as markers for the watershed
algorithm, where the input image is given by the gradient image [32].



3 Geometrical descriptors

In order to quantify the 3D morphology of the SOFC anodes considered in this paper, various geometrical descriptors
are used. For this, the three phases, i.e., nickel, GDC and pores, are considered as realizations of random closed
sets (RACSs) in the three-dimensional Euclidean space R®. These RACSs are assumed to be motion-invariant, i.e.,
stationary and isotropic, and denoted by =1, =5 and =3, respectively. Moreover, in the definition of some geometrical
descriptors, we even assume that the vector (Z;,Z;) is motion-invariant for any 4,7 € {1,2,3}. On the other hand,
in some cases, the assumption of stationarity is sufficient. A formal introduction to the theory of stationary and
isotropic RACSs can be found in [33].

Volume fraction One of the most fundamental geometrical descriptors of stationary RACSs is their volume
fraction. Furthermore, the volume fractions of the three anode phases mentioned above have a profound impact on
the performance of SOFCs. In the following, the volume fraction of a stationary RACS will be denoted by €. It can
be easily estimated from voxelized 3D image data via the point-count method [34].

Specific surface area Similar to volume fractions, the specific surface areas (SSAs) of the three anode phases
are also of importance with regard to the performance of SOFCs [4], where this geometrical descriptor is defined
as the mean surface area of a predefined phase per unit volume. It will be denoted by S in the following. For the
estimation of S from voxelized 3D image data, locally weighted 2 x 2 x 2 voxel configurations are used, see [35] for
details regarding the choice of the weights. Thus, each of the 28 = 256 possible configurations of 2 x 2 x 2 voxels
belongs to one of fourteen classes, which have different weights. The surface area is then obtained by iterating over
the complete 3D image and adding up the corresponding weights. Besides the SSA of a certain phase, the specific
interfacial area between two phases is also of interest. Note that in case of the three-phase anode material, which
is modeled by the stationary RACSs 21, =2 and Zs, the specific interfacial area S(Z; N E;) between phases i and j
with 4,7 € {1,2,3} and i # j can be determined via the following equation:

S(ENE,) = %(S(Ei) +5(5;) - 5(E)), (1)

where k = {1,2,3}\{4,j}. As highlighted in [17], the GDC pore interface is particularly important as an increased
GDC pore interface increases performance by providing more area for electrochemical activity.

Triple-phase boundary length Since the chemical reaction in SOFC anodes takes place at the triple-phase
boundary (TPB), the expected length of TPB per unit volume is of particular interest. It is called specific length of
TPB in the following and defined as

trre = E (H1(E1 NE2NE3N[0,1]%)),

where H; denotes the one-dimensional Hausdorff measure in R3. This geometrical descriptor is estimated from
discretized 3D image data by first detecting all 2 x 2 x 2 voxel configurations, which contain at least one voxel
of each of the three phases. Next, each pair of these voxel configurations that are neighbors with respect to the
6-neighborhood is determined. Finally, the number of these pairs is divided by the total number of voxels in the
sampling window. Note that there are various approaches for estimating the length of the TPB from voxelized image
data [36-39].

Geodesic tortuosity In SOFC anodes, three kinds of transport processes take place: The transport of the gaseous
educts and products within the pore space, the transport of oxygen ions within the GDC phase, and the transport
of electrons, which mainly takes place within the nickel phase. A geometrical descriptor that turned out useful
to characterize various types of transport phenomena in porous media is connected with the tortuosity, i.e., the
windedness of their phases. Note that there exist several notions of tortuosity in the literature [40]. In the present
paper, we consider the so-called geodesic tortuosity, which is a purely geometric descriptor of 3D morphologies. More
precisely, a starting plane and a target plane, which is parallel to the starting plane, are chosen. Next, for a given
phase of the material, the shortest path to the target plane is determined for each point of this phase within the
starting plane. Then, the lengths of these shortest paths are normalized by dividing them by the distance between
both planes. This results in the distribution of geodesic tortuosity, the mean value of which will be denoted by 7. A



formal definition of geodesic tortuosity within the framework of random closed sets is presented in [41]. The compu-
tation of this geometrical descriptor from voxelized 3D image data is carried out by means of Dijkstra’s algorithm [42].

Moreover, two modifications of geodesic tortuosity are considered. On the one hand, we consider the so-called dilated
geodesic tortuosity, where we just investigate the lengths of those paths along which there is a certain minimum
distance r > 0 to the complement of the given transport phase. On the other hand, only paths to the target plane
are considered which start from the TPB, since the majority of transport processes are either targeting the TPB or
starting at the TPB.

Constrictivity The constrictivity of a transport phase, denoted by S € [0, 1], is a measure for the strength of
bottleneck effects. It is defined as 8 = (rmin /rmaX)Q, where 8 = 1 corresponds to the case that no bottleneck effects
exist, and a value of § close to zero indicates pronounced bottleneck effects [43]. The quantity rmax appearing in
this formula is related with the continuous pore size distribution function CPSD : [0,00) — [0, 1] of a stationary
RACS = C R? [44,45]. Here, for each r > 0, the subset = o B(o,7) of = is considered, which can be covered by
(potentially overlapping) spheres with radius 7, where B(o,r) C R3 is the sphere with midpoint at the origin o € R3
and radius r > 0, and o denotes morphological opening. The value CPSD(r) is then defined as the volume fraction of
the stationary RACS E o B(o,r), and rmax = sup{r > 0: CPSD(r) > 0.5 CPSD(0)}. Note that 0.5 - CPSD(0) equals
half the volume fraction of the phase of interest, which will be also used for defining the characteristic bottleneck
radius rmin. More precisely, this geometrical descriptor is based on the simulated mercury intrusion porosimetry
SMIP : [0,00) — [0,1], which is closely related to CPSD, but additionally depends on a predefined direction. More
precisely, the value SMIP(r) is defined as the volume fraction of the subset of the =, which can be reached by an
intrusion of spheres with radius r from the predefined direction. Analogously to Tmax, the radius ryn, is defined as
Tmin = sup{r > 0 : SMIP(r) > 0.5 CPSD(0)}. In [46,47], it has been shown that constrictivity is a useful geometrical
descriptor for characterizing transport processes, which highlights the importance of this quantity with regard to the
various kinds of transport processes in SOFC anodes.

Two-point coverage probability function Another frequently used geometrical descriptor is the two-point
coverage probability function. More precisely, let Z; and =; be two RACSs such that the vector (Z;,E;) is motion-
invariant, for all 4,5 € {1,2,3}. The two-point coverage probability function C~’” : [0,00) — [0,1] is then defined
by C~’”(r) = P(o € E;,h € E;), where h € R? is an arbitrary vector of length r > 0. In particular, the value of
C’i,j(r) only depends on the distance r > 0 between two points due to the assumed motion-invariance of (=Z;,=;).
Note that the limit of C'” (r) for 1 — oo is often equal to the product ;¢; of the volume fractions ¢, and ¢; of =;
and =Z;, respectively, since in case of the vast majority of materials the events that o € Z; and h € E; are becoming
stochastically independent for unboundedly increasing distances r. Thus, in the following, we consider the centered
two-point coverage probability function C; ; : [0,00) — [0,1], which is defined as C; j(r) = C; ;(r) — e;¢; for each
r > 0. i.e., there is a positive correlation between the events o € Z; and h € E; if C; ;(r) > 0, and vice versa.
The estimation of the values of C; ; from voxelized image data is carried out via a Fourier-based method described
in [48]. Note that in [46], it has been shown that this geometrical descriptor can improve the prediction of effective
transport properties, which indicates that this quantity is closely related to the performance of SOFC anodes.

Chord length distribution The chord length distribution of a motion-invariant RACS = is defined as the dis-
tribution of the length of segments chosen at random in = N ¢, where ¢ is some line passing through the origin Due
to the isotropy of =, the chord length distribution does not depend on the specific choice of the direction of the
intersecting line ¢. Thus, in the following, only chords in the direction of the z-axis are considered. To estimate the
chord length distribution from voxelized image data, we use the algorithms proposed in [48,49]. Note that a shorter
chord length indicates a finer phase microstructure and thus, tends to lead to more active reaction sites.

Spherical contact distance The cumulative distribution function H : [0, 00) — [0, 1] of spherical contact distances
of a stationary RACS Z is defined as

H(r)y=1-Plo¢ ZE® B(o,7) |0 ¢ E) for each r > 0,

where @ denotes Minkowski addition, i.e., the value of H(r) is the probability that the distance from a randomly
chosen point of the complement of Z to the nearest point of = is not longer than r. Thus, this geometrical descriptor



can be used in order to quantify the compactness/perforation of a geometrically complex phase. When estimating
the spherical contact distribution from voxelized 3D image data, the Euclidean distance transform is computed and
the algorithm described in [50] is applied. Note that it has been shown in [51], that a combination of the mean
spherical contact distance and the mean chord length is well suited for prediction of diffusive transport properties,
which is also to be expected for SOFC anodes.

Local geometrical descriptors Besides computing the geometrical descriptors mentioned above, just once for
each of the entire 3D images corresponding to the eight SOFC anode samples considered in this paper, we additionally
compute some of these descriptors locally to quantify the heterogeneity of the SOFC anodes. More precisely, the
3D image data is partitioned into non-overlapping cutouts. For this purpose, we consider cubic cutouts with a side
length of 2.5 pm in each direction. Thus, for a voxel size of 20nm and 50 nm, we get cubic cutouts with a size of 125
and 50 voxels, respectively.

4 Results and discussion

We now use the geometrical descriptors stated in Section 3 in order to investigate the influence of operating temper-
ature, annealing time and the manufacturing process on the 3D morphology of SOFC anodes. Therefore, subsets of
samples from the eight SOFC anode samples considered in this paper, which differ in exactly one of these influencing
factors, are quantitatively compared to each other with respect to the geometrical descriptors of Section 3. Note that
in the figures presented below, results regarding the nickel phase are always shown in blue, whereas those regarding
the GDC phase are shown in red, and those regarding the pore space in yellow.

4.1 Influence of operating temperature

To begin with, we investigate the influence of operating temperature on the 3D morphology of SOFC anodes, where we
consider samples F and D, i.e., samples manufactured by means of the infiltration process, a reduction temperature
of 650 °C and a voxel size of 20nm. Under these conditions, we compare the samples with an operating temperature
of 700°C and 900 °C, respectively, where the 3D morphology of these samples and of the pristine state (sample E)
is visualized in Figure 1. Note that the sample visualizations in this paper are always sample cutouts with a size of
44pm x 11.6 pm x 13.6 pm.

(a) pristine (b) 700°C (c) 900°C

Figure 1: 3D morphology of SOFC anodes, consisting of nickel (blue), GDC (red) and pore space (yellow), for the
pristine state (a) as well as for operating temperatures of 700 °C (b) and 900 °C (c). Both samples are manufactured
by means of the infiltration process, reduced at a temperature of 650 °C, and imaged with a voxel size of 20 nm.

However, the annealing time also differs for these two samples. For the sample with an operating temperature of
700 °C the annealing time is 1000 h, while the annealing time of the sample with an operating temperature of 900 °C
is only 640 h. Nonetheless, the comparison of these two samples is reasonable considering the polarization resistance.
The polarization resistances measured at 600 °C for the reference infiltrated cells annealed at 700 °C and 900 °C are
plotted against time in Figure 2. The initial values of polarization resistance (R,) for both cells are nearly identical,
indicating good reproducibility within this batch. Over time, the polarization resistance increased by 0.0574 Qcm?,
corresponding to a 28 % increase after 1100 hours at 700 °C. In contrast, for the cell aged at 900 °C, a clear thermally
activated aging effect was observed. After 310 hours, the value of R, reached 0.431 Qcm?, reflecting a 116 % increase.



Over the subsequent 330 hours, the increase in polarization resistance was much smaller, rising by only 0.008 Qcm?,
which corresponds to a 4% increase from the initial value. Thus, comparing the microstructure of these two cells

is reasonable, as the polarization resistance measured at 900 °C can be considered to have undergone negligible
structural changes after 310 hours.

T.600 °C ¢ 700 °C annealing
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Figure 2: Time evolution of polarization resistance of the electrode of cells F and D, i.e., annealed at 700°C and
900 °C, measured at 600 °C under a gas mixture of steam: hydrogen 50 : 50 for reference.

The two samples are compared considering the geometrical descriptors introduced in Section 3. The upper row
of Figure 3 shows that there are only small differences in constrictivity for the different operating temperatures.
Thus, the higher operating temperature does not lead to more bottleneck effects in the transport property of the
three phases. However, the higher operating temperature significantly reduces the SSAs of the pore space and the
associated interfaces, while the volume fraction changes only slightly. We therefore observe a coarsening of the pore
space. Remember that the chemical reaction requires the GDC-pore interface or the TPB. The coarsening of the
pore space combined with a significant decrease of the specific length of TPB indicates a worse electrochemical
performance of the 900 °C sample compared to the operating temperature of 700 °C.
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Figure 3: Geometrical descriptors of the three phases nickel (blue), GDC (red) and pore space (yellow) for different
operating temperatures. Upper row: volume fraction (a), specific length of TPB (b), constrictivity (c), as well as
SSA (d), which is divided into the contributions from the different interfaces through the hatching, is shown. Lower
row: probability densities of local descriptors based on non-overlapping cubic cutouts of size 2.5 pm.



The (global) geometrical descriptors considered in the upper row of Figure 3 have also been computed for non-
overlapping cutouts with a size of 2.5 nm. The resulting probability densities of local descriptors are shown in the
lower row of Figure 3. Differences between these densities for the two operating temperatures are especially rec-
ognizable in SSA of the GDC phase and the pore space, while the nickel phase show only small local differences.
In particular, the SSA distribution of GDC is shifted to the left for a higher operating temperature, indicating a
coarsening of the GDC phase. Furthermore, there are local differences in the specific length of TPB between the
two operating temperatures, whereby the distribution of the local specific length of TPB is broader and its mean is
shifted to the right-hand side for the operating temperature of 700 °C, compared to 900 °C. Thus, as in the global
analysis a shortened TPB is visible for a higher operation temperature. This indicates again a worse electrochemical
performance of the 900 °C sample due to less active reaction sites. Note that similar effects in the GDC phase have
already been reported in [28], where an operating temperature of 900 °C causes a sintering effect that results in a
coarsening of the particles of the GDC framework.

In Figure 4, the mean geodesic tortuosity, the mean geodesic tortuosity of paths starting from TPB, and the dilated
mean geodesic tortuosity with » = 0.1 pm are shown for all three phases in the respective transport direction.
The mean geodesic tortuosities for the nickel and GDC phases change only slightly when changing the operating
temperature, while the mean geodesic tortuosity of paths starting from the TPB increases for the pore space. This
means that the transport properties of the pore space have worsened, while the transport properties of the GDC
phase and nickel phase remain almost unchanged when the operating temperature is increased to 900 °C. Note that
the dilated mean geodesic tortuosity of pore space could not be computed, because the paths within the pore space
are too narrow, which indicates a limited transport capacity of the pore space.
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Figure 4: Mean geodesic tortuosity (a), mean geodesic tortuosity of paths starting from TPB (b), and dilated mean
geodesic tortuosity with » = 0.1 um (c), for the three phases nickel (blue), GDC (red) and pores (yellow), for different
operating temperatures.

In Figure 5, the cumulative distribution functions of spherical contact distance and chord length are shown for the
three phases nickel, GDC and pores, as well as the centered two-point coverage probability functions for each of these
phases, and for combinations of different phases, for an operating temperature of 700 °C and 900 °C, respectively.

1.0
—025 — GDC, GDC 900°C =
. . = —— Nickel, Nickel 900°C z 0.00
— 0.8 — Z 0.20 Pore, Pore 900°C =
iy z = -=+ GDC, GDC 700°C =
= = 5 --- Nickel, Nickel 700°C | 5
z 06 E % 0.15 Pore, Pore 700°C £ —0.051
S ° g & /
a = =) )
=04 — epcooocc | & £ 0.10 £ ; /" — Nickel, GDC 900°C
= —— nickel 900°C | .= z z —0.10 — Nickel, Pore 900°C
= ° = S g —— Pore, GDC 900°C
g 0.2 - g‘gg?ggé “; = 0.05 ‘:j ~-= Nickel, GDC 700°C
g -~ nickel 700°C | 5 3 3 // - Nickel, Pnre770°DC
5 00 pore 700°C | ©0.0]/ £ 0.00 e B R <= Pore, GDC 700°C
0 200 0 1000 2000 £ 0 500 1000 £ o~ 500 1000
spherical contact distance [nm)] chord length [nm] distance [nm)] dlst?()(x;;:e [nm)
(a) (b) (©)

Figure 5: Cumulative distribution functions of spherical contact distance (a) and chord length (b) for the three
phases nickel (blue), GDC (red) and pores (yellow), as well as centered two-point coverage probability functions for
each of these phases (¢), and for combinations of different phases (d), for an operating temperature of 700°C and
900 °C, respectively.



Again, like in Figure 4, for the nickel and GDC phases only slight changes of the descriptors considered in Figures 5a
and 5b can be observed when increasing the operating temperature from 700°C to 900 °C, while the differences
for the pore space are more pronounced, for both the spherical contact distances and the chord lengths. More
precisely, for the pore space, an operating temperature of 900 °C leads to larger contact distances and longer chord
lengths than an operating temperature of 700 °C, which can be interpreted as coarsening of pore space. Furthermore,
while the differences between the centered two-point coverage probability functions for the nickel and GDC phases
are negligible when comparing these functions for the operating temperatures of 700°C and 900 °C, the centered
two-point coverage probability function of the pore space decreases more slowly towards zero for 900 °C compared
to its behavior for 700°C, see Figure 5 ¢. With regard to centered two-point coverage probability functions for
combinations of different phases, it is noticeable that one observes a slower increase towards zero for 900 °C than for
700 °C in case of both phase combinations including the pore space, see Figure 5d. These observations again indicate
a coarsening of the pore space where such a coarsening can lead to a reduction of active reaction sites. However,
these changes indicate a better transport in the pore space, and hence, the paths have widened at least slightly. Note
that the rather limited changes observed in the nickel phase are expected due to the relatively coarse Ni skeleton of
the infiltrated cells.

4.2 Influence of annealing time

To investigate the influence of annealing time on the 3D morphology of SOFC anodes, we consider the samples
manufactured by means of powder technology and a reduction temperature of 800°C, which are aged with an
operating temperature of 900 °C and imaged with a voxel size of 50nm. More precisely, we compare samples A, B
and C, i.e., the 3D morphology in pristine state and after annealing times of 240h and 1100 h, respectively. The
3D morphology of the three samples A, B and C is visualized in Figure 6. As already seen from the visualization
of the 3D microstructure in Figure 6, the nickel phase is poorly connected. More precisely, it turns out that the
proportion of perculating phase remains below 5 % for all three samples and the initial polarization resistance
measured at 600°C with 50 % humidity is 1.46 Qcm?. This high polarization resistance is partially attributed to
the high reduction temperature used during electrode formation. As shown in [28], a lower reduction temperature
decreases the polarization resistance but results also in almost no percolation of the nickel phase. In [52], measured
ionic and electronic conductivity of GDC is reported. It is found that GDC has inherently poorer ionic conductivity,
which limits the electrochemical performance.

Figure 6: 3D morphology of SOFC anodes, consisting of nickel (blue), GDC (red) and pore space (yellow), which
have been manufactured by means of powder technology and aged with an operating temperature of 900°C and
annealing times of Oh (a), 240h (b) and 1100h (c), where imaging was done with a voxel size of 50 nm.

The influence of annealing time is investigated by means of various global geometrical descriptors, which have been
computed on image data of the whole samples, as well as by means of local descriptors, see Figure 7.
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Figure 7: Geometrical descriptors of the three phases nickel (blue), GDC (red) and pore space (yellow) for different
annealing times. Upper row: volume fraction (a), specific length of TPB (b), constrictivity (c), as well as SSA
(d), which is split into the contributions from the different interfaces through the hatching. Lower row: probability
densities of local descriptors based on non-overlapping cubic cutouts of size 2.5 pm.

It turned out that there are only negligible changes in the volume fraction for all three phases, see Figure 7a. But,
on the other hand, it is noticeable that the specific length of TPB significantly decreases with increasing annealing
time, whereas the impact of annealing time on constrictivity of GDC and pore space is less clear, see Figures 7b
and 7c. Thus, the active reaction sites decrease, but no increase in transport bottleneck effects is indicated in GDC
and pore space. However, for each operation time considered in this paper, the nickel phase is poorly connected,
leading to a constrictivity of zero. Note that a constrictivity of zero does not imply that the SOFC anode is not
operational. Furthermore, the SSAs of nickel and GDC as well as of the pore space are decreasing with increasing
annealing time, while the volume fractions remain almost unchanged, see Figures 7a and 7d, which means that the
entire 3D morphology of the SOFC anodes is coarsening. This coarsening in combination with a significant decrease
of the specific length of TPB indicates a worse electrochemical performance for longer annealing times.

In the lower row of Figure 7, the probability densities of local geometrical descriptors are shown, which have been
computed for non-overlapping cubic cutouts of size 2.5 nm, where slight differences can be observed for all descriptors
of the three phases and for all annealing times. For example, the probability density of the local specific length of
TPB is shifted to the left for longer annealing times, see Figures 7f. This means that the local specific lengths of
TPB tend to become shorter locally with increasing annealing time, which again is a reduction of the active reaction
sites. It is also remarkable that the nickel phase is locally better connected than globally, which is indicated by the
fact that there is a subset of the unit interval [0, 1] where the values of the probability density of local constrictivity
of the nickel phase are greater than zero, see Figure 7g. Thus, on a local scale, electronic transport within the nickel
phase is more efficient even if big bottleneck effects exist.

To examine the transport capability within the three phases further, the three different types of geodesic tortuosity
explained in Section 3 are considered. While the nickel phase is too disconnected to determine a mean geodesic
tortuosity for the annealing time of 240h, the corresponding mean geodesic tortuosity of paths starting from the
TPB can be computed, but has a high value, see Figures 8a and 8b. Moreover, the dilated mean geodesic tortuosity
with r = 0.1 pm cannot be computed for the nickel phase in case of all annealing times, see Figure 8c, which indicates
that the existing paths in the nickel phase are rather narrow. Thus, the poor connection and the narrow paths in the
nickel phase indicate that the electric transport properties of this phase are rather poor. In contrast, the GDC phase
and the pore space have a relatively low mean geodesic tortuosity values with regard to all three types of geodesic
tortuosity indicating efficient transport in these phases.
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geodesic tortuosity with » = 0.1 pm (c), for nickel (blue), GDC (red), and pores (yellow).

Furthermore, the distributions of spherical contact distances and chord lengths have been analyzed to investigate
the impact of annealing time on the 3D morphology of SOFC anodes. For all three phases, the spherical contact
distances tend to increase with increasing annealing time, see Figure 9a. Similarly, in comparison to the pristine
state, the chord lengths get longer during operation, especially for the nickel phase, see Figure 9b. Thus, also these
observations indicate a coarsening of the phases in the course of fuel cell operation.
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Figure 9: Cumulative distribution functions of spherical contact distance (a) and chord length (b) for nickel (blue),
GDC (red) and pores (yellow), as well as centered two-point coverage probability functions for each of these phases
(c) and for combinations of different phases (d).

Examining the centered two-point coverage probability functions of the individual phases shows that the values of
these functions increase with increasing annealing time, see Figure 9c. Interestingly, this increase is more pronounced
during shorter annealing times indicating more pronounced structural changes at the early stage of operation com-
pared to the later one. Examining the centered two-point coverage probability functions of two different phases, it
turns out that they are shrinking with increasing annealing time, see Figure 9d. Thus, again a coarsening of the 3D
anode morphology with increasing annealing time is indicated, which directly correlates to shorter TPB as well as a
smaller GDC-pore interface. Both properties are required for the chemical reaction.

4.3 Influence of manufacturing process

Last but not least, we compare the 3D morphologies of pristine SOFC anodes prepared by means of two different
manufacturing processes, i.e., powder technology and infiltration, where samples E and G are used, i.e., 3D image
data of pristine samples with a voxel size of 20nm and manufactured with a reduction temperature of 650 °C, see
Figure 10.

First, to investigate the influence of the manufacturing process on the 3D morphology of the anodes, geometrical
descriptors are computed on the whole anode samples. It is striking that the volume fractions of the three phases
(nickel, GDC and pores) differ significantly for the two samples prepared by the different manufacturing processes.
For example, the volume fraction of nickel phase in the SOFC anode manufactured by infiltration is roughly 40 %,
while it is halved for the SOFC anode manufactured by means of the powder technology, see Figure 11a. Note that
the differences with regard to volume fractions are not only caused by the different manufacturing processes, but
also due to different material compositions, which have been used for the different manufacturing processes. This
has to be taken into account with regard to the results of the subsequent geometrical descriptors. Therefore, a direct
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Figure 10: 3D morphology of pristine SOFC anodes prepared by powder technology (a) and infiltration (b), com-
prising nickel (blue), GDC (red), and pores (yellow).

comparison between the two manufacturing processes is not possible with the given samples. Nevertheless, we would
like to examine the existing samples further on the basis of their geometrical descriptors.
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Figure 11: Geometrical descriptors of the three phases nickel (blue), GDC (red) and pore space (yellow) for different
manufacturing processes. Upper row: volume fraction (a), specific length of TPB (b), constrictivity (c) as well as SSA
(d), which is split into the contributions from the different interfaces through the hatching. Lower row: probability
densities of local descriptors based on non-overlapping cutouts of size 2.5 pm.

As shown in Figure 11b, the anode manufactured by means of the infiltration technology has a significantly larger
specific length of TPB than the anode manufactured by means of the powder technology. However, one should be
aware that this difference is not only caused by the manufacturing process. The TPB boundary is also influenced
by the different phase fractions. Besides this, the nickel phase obtained by powder technology is very disconnected
such that its constrictivity is equal to zero, while infiltration with a higher nickel amount leads to a (small) posi-
tive constrictivity value of the nickel phase, see Figure 11c. Furthermore, there are differences in the SSA between
the two samples, see Figure 11d. In particular, the fraction of the nickel-GDC interface and the SSAs of all three
phases are smaller for the anode manufactured with the powder technology than for the anode manufactured with
the infiltration technology. It should be particularly emphasized that the powder technology does not yield a larger
GDC surface area despite the higher GDC amount. This indicates that the infiltration technology results in a finer
GDC structure. The same applies for the pore space. This leads also to a higher GDC-pore interface for the sample
manufactured by means of infiltration technology. Altogether, more active reaction sites and a more desirable 3D
morphology is achieved by the infiltration technology. For non-overlapping cutouts of size 2.5 pm, the corresponding
probability densities of local geometrical descriptors are shown in the lower row of Figure 11. Here, too, it is clearly
visible that the anode with the higher nickel fraction and manufactured with infiltration technology, has a longer local
specific length of TPB than the anode with lower nickel fraction and manufactured with powder technology. In ad-
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dition, the local SSAs of all three phases of the infiltration-manufactured anodes have a wider and more right-shifted
distribution than the anode manufactured with powder technology, indicating larger local surfaces in the infiltration-
manufactured anode. Thus, the anode manufactured with infiltration technology possesses more active reaction sites.

In Figure 12, results are shown, which have been obtained for the three different types of mean geodesic tortuosity.
The mean geodesic tortuosity and the dilated mean geodesic tortuosity can not be computed for the nickel phase
of anodes manufactured by powder technology, due to the poor connection within the nickel phase which is already
discussed in Section 4.2. Nevertheless, the anode has a small tortuosity value for the pore space and CGO, which
indicates good transport properties in these phases. Note that the dilated mean geodesic tortuosity of pore space
can not be computed for SOFC anodes manufactured by infiltration, because the paths within their pore space were
very narrow. In general, however, the anode manufactured by infiltration has relatively low tortuosity values for all
three phases, which indicates good transport properties in all phases.
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Figure 12: Mean geodesic tortuosity (a), mean geodesic tortuosity of paths starting from TPB (b) and dilated mean
geodesic tortuosity with = 0.1 pm (c), for nickel (blue), GDC (red) and pores (yellow).

Last but not least, the spherical contact distances and chord lengths of the three phases, i.e., nickel, GDC and pores,
have been analyzed. For the nickel phase, the cumulative distribution function values of spherical contact distances
are lower for the sample manufactured by means of powder technology and a lower nickel fraction, see Figure 13a,
which indicates a coarser nickel phase structure for the anode manufactured with powder technology. Additionally,
the anode with higher nickel fraction and manufactured by infiltration has lower cumulative probabilities for chord
lengths in the nickel phase than the anode manufactured by means of powder technology, indicating a more elongated
nickel phase structure, see Figure 13b. For GDC and pores, only minor differences are observed in the spherical
contact distance distributions for the two different anodes. However, the anode manufactured with infiltration and
with a higher nickel amount has higher cumulative probabilities of chord lengths for both phases, GDC and pores,
compared to the anode manufactured by means of powder technology, which indicates a finer pore space and GDC
phase.

1.0 1.0 =025 —— GDC, GDC infiltration =
= —— Nickel, Nickel infiltration = 0.00 i
ja— j— = Pore, Pore infiltration = o
= 0.8 .. 0.8 2 0.20 -~ GDC, GDC powder a2
= = £ LA -~ Nickel,Nickel powder g
z = S NN Pore, P d o _
. 0.6 E 0.6 2 015 ore, Pore powder £ -0.05
g g ) )
a Y & & <
o 0.4 /" /" — GDCnfiltration c 0.4 z 0.10 z i — Nickel, GDC infiltration
i " — nickel infiltration | = B z —0.10 —— Nickel, Pore infiltration
= filtrati = S = — Pore, GDC infiltration
E 0.2 . guDrz ;‘o:,v;:rm" é 0.2 E 0.05 z ; --- xic:e:, (:DC pow:er
E -~ nickel powder E} 3 3 ; =~ Nickel, Pore powder
3} } ~ =9 -
° 00 pore powder ©0.01" g 0.00 g —0.15 Pore, GDC powder
0 200 0 1000 2000 3000 £ 0 500 1000 £ 0 500 1000
spherical contact distance [nm] chord length [nm] distance [nm)] distance [nm)]
() (b) (© @

Figure 13: Cumulative distribution functions of spherical contact distance (a) and chord length (b) for nickel (blue),
GDC (red) and pores (yellow), as well as centered two-point coverage probability functions for each of these phases
(c) and for combinations of different phases (d).

The two-point coverage probabilities of both, GDC and pores, are larger for the anode manufactured by means the
powder technology than for the anode manufactured with infiltration, while the opposite can be observed for the
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nickel phase, see Figure 13c. However, this observation can be caused by the different material composition, as
the amount of GDC and pores is significantly greater and the nickel amount is significantly smaller in the anode
manufactured by means of the powder technology. Moreover, the centered two-point coverage probabilities of the
pore-GDC combination are significantly larger for the anode manufactured by means of the infiltration technology
compared to anode manufactured by the powder technology. For the remaining phase combinations, the anode
manufactured by means of powder technology has larger centered two-point coverage probabilities compared to the
anode manufactured by the infiltration process, see Figure 13d.

5 Conclusion

In the present paper, FIB-SEM image data have been used to analyze the 3D morphology of seven SOFC anodes,
comprising of nickel, GDC and pore space. For this purpose, various geometric descriptors such as volume fraction,
SSA, specific length of TPB and three different types of mean geodesic tortuosity have been computed. Besides the
computation of these descriptors for each entire sample, their local heterogeneity is quantified by determining the
distributions of local geometrical descriptors based on non-overlapping cutouts. This data enables the quantitative
examination of the effect of various influencing factors (operating temperature, annealing time and manufacturing
process) on the resulting 3D morphology of SOFC anodes. It is shown that all three influencing factors mentioned
above affect the anode morphology. In particular, the higher operating temperature of 900 °C leads to a coarsening of
the pore space. Similar effects can be observed with respect to annealing time, where it is noticeable that the specific
length of TPB significantly decreases with increasing annealing time. Moreover, pronounced differences between both
considered manufacturing processes have been observed, suggesting that infiltration leads to a finer anode structure.
These structural differences can also be caused by the different material compositions, which have been used for the
different manufacturing processes.

In a forthcoming study, the structural changes of SOFC anodes considered in the present paper will be modeled
stochastically. In particular, a suitable spatial stochastic model will be determined, whose parameters will be
calibrated to 3D image data of SOFC anodes for various annealing times. Furthermore, by interpolation within the
parameter space, it will be possible to carry out fast predictive simulations of SOFC anodes for annealing times for
which no image data is available. In this way, an efficient method will be established in order to provide the geometry
input for spatially resolved numerical simulations of effective macroscopic properties. This will allow for efficient
virtual testing of SOFC anodes, including the derivation of quantitative process-structure-property relationships.
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