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Abstract: This study investigates the influence of microstructure on the effective ionic
and electrical conductivities of Ni-YSZ (yttria-stabilized zirconia) anodes. Fine, medium,
and coarse microstructures are exposed to redox cycling at 950 ˝ C. FIB (focused ion
beam)-tomography and image analysis are used to quantify the effective (connected) volume
fraction (Φeff ), constriction factor (β), and tortuosity (τ). The effective conductivity (σeff ) is
described as the product of intrinsic conductivity (σ0 ) and the so-called microstructure-factor
(M): σeff = σ0 ˆ M. Two different methods are used to evaluate the M-factor: (1) by
prediction using a recently established relationship, M pred = εβ0.36 /τ5.17 , and (2) by numerical
simulation that provides conductivity, from which the simulated M-factor can be deduced
(M sim ). Both methods give complementary and consistent information about the effective
transport properties and the redox degradation mechanism. The initial microstructure has a
strong influence on effective conductivities and their degradation. Finer anodes have higher
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initial conductivities but undergo more intensive Ni coarsening. Coarser anodes have a more
stable Ni phase but exhibit lower YSZ stability due to lower sintering activity. Consequently,
in order to improve redox stability, it is proposed to use mixtures of fine and coarse powders
in different proportions for functional anode and current collector layers.
Keywords: cermet; degradation; microstructure; tomography; conductivity; solid oxide fuel
cells; Ni-YSZ; redox cycling

1. Introduction
Solid oxide fuel cells (SOFC) are electrochemical conversion devices that produce electricity directly
from oxidizing a fuel (e.g., natural gas, biogas, H2 ). The advantages of SOFCs are high efficiency, fuel
flexibility, and low emissions (pollutants and noise) [1,2]. However, the materials are exposed to harsh
operating conditions, which include high chemical potentials between anode (reducing atmosphere) and
cathode (oxidizing) in combination with high temperatures (750–950 ˝ C). These harsh conditions may
reduce the fuel cell lifetime. Especially in conventional Ni-based anodes, so-called redox cycles that
occur during shutdown and restart procedures often lead to a harmful degradation. In the present study
we thus investigate the relationship between topological parameters (e.g., tortuosity, constrictivity) with
effective anode properties (e.g., ionic or electrical conductivities).
The electrochemical performance of Ni-YSZ anodes depends on the interplay between different
transport processes and the electrochemical reactions at the triple phase boundary (TPB). Oxygen
ions are transported through the ion-conducting yttria-stabilized zirconia (YSZ), electrons through the
electron-conducting Ni, and gas species through the pores, while the electrochemical reaction primarily
occurs near the TPB. The fuel oxidation at the TPB includes numerous intermediate steps [3], which can
be summarized into the following net reaction:
H2 ` O2´ Ñ H2 O ` 2e´

(1)

The associated charge transport and charge transfer reactions provide specific contributions to the
area specific resistance (ASR). The ASR contribution of each process depends on both the relevant
intrinsic property (e.g., intrinsic ionic conductivity of YSZ) and on the corresponding morphological
characteristics (e.g., volume fraction and tortuosity of YSZ). The combination of intrinsic properties
and microstructural characteristics results in a homogeneous effective macro-property (e.g., effective
ionic conductivity).
One way to improve the effective properties and the associated electrode performance is to tailor
the microstructure. However, the optimization of electrode microstructures is challenging because
of the complex interplay between the various processes taking place [4]. The different properties
cannot be manipulated independently from each other. In literature, strong focus was laid specifically
on the improvement of the electrochemical activity, which correlates with the TPB length (i.e.,
the number of electrochemically active sites). Therefore, the tendency is to develop finer-grained
microstructures with higher TPB length [5]. Nevertheless, in order to ensure that the reaction from
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Equation (1) occurs throughout the anode, all three phases joining at the TBP must constitute a connected
network. Thus, for a high anode performance the microstructure must also be optimized in terms of
connectivity and the effective transport properties of all three phases (Ni, YSZ, pores). In addition,
it is not only the initial microstructure that is important for the successful application of the fuel cell
technology. For example, electrolyte-supported SOFCs with an open system configuration undergo
several reduction-oxidation (redox) cycles, which often cause degradation of the microstructure and an
associated loss of electrochemical performance. Hence, redox stability is an additional quality criterion
for such SOFC anodes [6].
Redox cycles involve the reoxidation of Ni to NiO and then re-reduction back to Ni. The reaction
is accompanied by a volume change of about 70% [5]. The oxidation kinetics are controlled mainly
by the outward diffusion of Ni and inward diffusion of oxygen. During reduction, additional pores are
formed and, thus, the overall kinetics are not diffusion-controlled, but they rather depend on the kinetics
of surface reactions (e.g., formation of mobile hydroxide species). Repeated redox cycling causes an
increase of anode thickness, which can be considered macroscopic swelling or irreversible expansion. It
is generally attributed to the fact that volume expansion during reoxidation is not fully reversible during
re-reduction, which leads to an increase in porosity throughout the entire anode microstructure [7].
Nevertheless, on the grain scale (i.e., locally), the volume expansion of Ni particles may be reversible
after re-reduction. Aside from the macroscopic swelling, a redistribution and coarsening of Ni also
occurs during redox cycling [6]. The mobilization of Ni is strongly enhanced by the formation of
Ni(OH)2 species, which have much higher gas saturation pressures compared to Ni and NiO [8].
Especially at high temperatures (>700 ˝ C), the redistribution of Ni (via Ni(OH)2 ) can become very
prominent. Thereby, small Ni grains tend to agglomerate in order to minimize surface energy. The
coarsening leads to a degradation of electrical conductivity, and also to a loss of TPB and associated
electrochemical activity.
In contrast to Ni, YSZ is generally considered the rigid ceramic backbone of the anode, which
provides mechanical stability [5,6,9]. However, it was shown that the ionic conductivity decreases after
redox cycling [6], which may be related to the crystallographic transformations in YSZ at elevated
temperatures. Alternatively, it may be due to the fact that the elevated mobility of ionic species
(e.g., Zr4+ ) under redox conditions may lead to changes of both the YSZ microstructure and its intrinsic
conductivity [10–12]. Nonetheless, YSZ can also be affected by the stress induced either by the Ni
coarsening or by the subsequent reoxidation, which creates mechanical stresses along the weak points of
the ceramic backbone [6].
In order to study the influence of anode microstructure on the performance and redox stability, the
relevant topological parameters must be quantified. For this purpose, three-dimensional (3D) image
analysis is required to gain the necessary information on phase connectivity, tortuosity, constrictivity,
and active TPB length. Using focused-ion beam scanning electron microscopy (FIB-SEM) [13–20]
and X-ray tomography [21–26], it is possible to obtain 3D microstructure data which can be used to
quantitatively describe the anode topological characteristics. Moreover, information gained from 3D
microstructure analysis can be used to design anode microstructures with improved effective properties
and redox stability.
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In principle, the controlled materials design includes two steps: (1) establishing experimental methods
by which the topological parameters can be influenced in the fabrication process (e.g., deposition method,
composition, powder fineness, sintering conditions) [27–33]; and (2) formulating relationships between
microstructure properties and effective material properties. In the past, the second relationship was not
established on a quantitative level. However, recently, this gap was filled by an approach using virtual
materials design (VMT) [34], thereby creating a large number of virtual 3D microstructures by means
of spatial stochastic simulations. The corresponding effective properties (i.e., conductivities) were then
determined with numerical transport simulations. Using statistical analysis (i.e., error minimization) an
empirical equation describing the relationship between topological parameters and the effective transport
property was obtained (see Equations (3) and (4)). The derivation of this empirical equation is discussed
in the next section.
In general, the influence of microstructure on the effective transport property can be given with the
following simple relation:
σef f “ σ0 M
(2)
where the M-factor (M) stands for microstructure influence, and σeff and σ0 are the effective and intrinsic
transport properties, respectively [35]. The M-factor includes the topological parameters, which are
relevant for transport:
pφP qa βb
(3)
M“
τc
Thereby, Φ is the volume fraction of the transporting phase. P is the percolation factor. Φ and
P together combine into Φeff , which is the effective phase volume that contributes to transport. The
constriction factor (β) introduced by Petersen [36] can be interpreted as the ratio between the average
sizes of the bottlenecks and the bulges (rmin /rmax )2 [37], and describes the bottleneck effect [38–40].
Tortuosity (τ) is a statistical expression for the windedness of transport pathways [41]. There are
a few definitions of tortuosity. For example, the work with VMT [34] uses the so-called geometric
tortuosity (with all transport pathways following a median axis skeleton), while another work [42] uses
geodesic tortuosity (with the shortest transport pathways through the voxel-space of a given phase). The
exponential parameters a, b, and c are determined empirically with the above-mentioned VMT approach
and with statistical error minimization. Following the work of Stenzel et al. [42] (where τ represents
geodesic tortuosity), the empirical relation in Equation (3) takes the form:
Mpred “

φef f β0.36
τ5.17

(4)

Whenever all the necessary topological parameters are known, the M-factor can be determined
from Equation (4) and the effective transport property from Equation (2). One advantage of using
such empirical relationships is the possibility to predict material properties that are difficult to access
experimentally. For example, in SOFC anodes, this approach opens new possibilities to gain information
on the effective ionic conductivity in YSZ, which is usually unknown or expensive to measure. More
details on the methods to extract the required topological parameters from tomographic data can be
found in previous works [37,43,44]. The topological parameters are also described in the experimental
section below.
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In the present study, we use the above-mentioned methods to quantify topology and to predict
effective transport properties in order to investigate microstructure effects in Ni-YSZ anodes. A special
focus is given to the degradation mechanism upon redox cycling and on the redox stability. Ni-YSZ
anodes of varying microstructure coarseness (fine, medium, coarse) before and after redox cycling at
950 ˝ C are investigated. The microstructures of fresh anodes and the corresponding electrical and ionic
conductivities are compared to each other. Then the influence of redox cycling on anode properties
is documented in order to unravel the degradation mechanisms. We use the established empirical
relationship between microstructure parameters and effective conductivity (resulting in M pred ) and apply
the predictive model to different SOFC anode microstructures. Also, in this work, we determine the
M-factor by numerical simulation of conduction (M sim ), using the voxel-based tomography data as a
structural input (with GeoDict software). The comparison of M sim and M pred can be considered as a
validation of the empirical prediction approach.
Thus far, the redox degradation was mainly described by qualitative observations (e.g., Ni
agglomeration) or by measuring parameters, which cannot be linked directly to an effective property
(e.g., average particle size). With the proposed approach where topological parameters are linked with
conductivity on a quantitative level, the diagnosis of degradation effects becomes more specific. For
example, the loss of conductivity can be directly related to the change of bottleneck dimensions and
associated constrictivity, or the change of the (average) length of the transport pathway and the associated
geodesic tortuosity. As an outcome, the detailed analysis of microstructure parameters leads to a more
differentiated interpretation of redox degradation. Finally, this knowledge leads to defining fabrication
guidelines for the improved redox stability of Ni-YSZ anodes.
2. Experimental
The procedures for fabrication and electrical characterization of Ni-YSZ anodes are described in great
detail by Iwanschitz et al. [45,46]. The following Sections 2.1 and 2.2 represent a short summary of the
experimental procedures, followed by a description of the applied imaging and image analysis techniques
Sections 2.3 and 2.4.
2.1. Anode Fabrication and Redox Cycling
Three different anodes with fine, medium, and coarse microstructures are produced by screen printing,
oxidized sintering, and subsequent reduction. To vary the microstructure, three different powders (fine,
medium, coarse) of 8YSZ (Mel Chemicals, purity > 99%) are mixed always with the same powder of
NiO (J.T. Baker, purity > 99%) to form Terpineol-based slurries. The coarse powder is produced by
calcination of the fine powder (Mel Chemicals). The particle size distributions of the raw NiO and YSZ
powders measured using a Horiba LA-920 laser scattering analyzer can be found in the supplementary
information (Table S1). The ratio of the powders is chosen such that the solid volume fraction (Ni:YSZ)
after reduction is 40:60. The Terpineol-based slurries are then screen-printed onto 3YSZ substrates
(Nippon Shokubai, 140 µm) to give a 12 ˆ 12 mm2 cell dimension. The layer thickness of the fine,
medium, and coarse anodes are 20, 25, and 26 µm, respectively. The anodes are sintered in air at
1350 ˝ C for four hours after screen-printing. Subsequent reduction is performed at 950 ˝ C.
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Degradation experiments are done by exposing the anodes to eight redox cycles in a tube furnace
at 950 ˝ C. For each cycle, reoxidation is carried out for 30 min and the re-reduction is carried out by
ramping H2 flow for 5 min, with equilibration time of at least 30 min.
2.2. Electrical Conductivity Measurements
Four-point conductivity measurements are performed on 8.8 ˆ 21 mm2 samples cut from anode
half-cells. The samples are placed in an alumina tube and contacted with Pt wire. The conductivity
measurements are done at 950 ˝ C with a gas flow of 200 mL/min using forming gas (5% H2 /95% N2 ).
The Nernst potential is kept constant at 1.1 V during the measurements and the gas is not humidified in
order to exclude ill-controlled degradation effects from water during the redox cycling. Between each
redox cycle, the alumina tube is flushed with N2 for one hour and the anodes are oxidized in airflow of
100 mL/min.
2.3. Image Acquisition by FIB-Tomography and SEM
For microstructure analysis, polished cross-sections are prepared from the samples that were used for
four-point conductivity measurements. The porous anodes are first impregnated with a low-viscosity
resin and then polished on textile substrates with 1, 3, and 6 µm diamond suspensions. Focused ion
beam (FIB)-SEM tomography is performed with a Helios Nanolab 600i (FEI) with Ga liquid metal ion
source. FIB tomography includes a repetitive procedure of alternating ion sectioning and SEM imaging.
The serial sectioning is done with an ion beam current of 2.5 nA and an accelerating voltage of 20 kV.
For serial SEM imaging, good contrast settings are achieved with the so-called through-the-lens detector
(TLD) at 2.0 kV accelerating voltage and 0.69 nA beam current.
2.4. Quantitative 3D Microstructure Analysis
FIB-tomography provides image stacks, which typically consist of 500 to 1000 two-dimensional
(2D) images. Prior to the quantification of transport-relevant topological parameters the stacks have
to be pre-processed. This procedure includes alignment (3D reconstruction), selecting a region of
interest (cropping), noise filtering, and segmentation (i.e., identifying Ni, YSZ, and pore phases).
In our workflow we use Fiji [47], including some home-made plug-ins and Avizo (version 8.1.1) [48]
software packages. Further details on image processing can be found in our previous study [37]. 3D
reconstructions of the fine, medium, and coarse Ni-YSZ anodes before and after redox cycling are
shown in Figure 1. The corresponding dimensions of the tomographic data are summarized in the
supplementary materials (Table S2).
Particle and pore size distributions are determined by a method called continuous phase size
distribution (c-PSD), which was developed by Münch and Holzer [44]. Contrary to conventional
PSD methods, which are based on size statistics of discretized objects, c-PSD treats each phase as a
continuum. A cumulative continuous size distribution is achieved by incrementally decreasing the size
of spheres, which cover a particular phase volume and are completely contained in this volume. The
radius corresponding to 50 vol % in the cumulative c-PSD curve (r50,max ) is considered a statistical
measure for the average size of the phase. Hence, this so-called r50,max represents the average size of
bulges in a percolating network of either a solid or pore phase.
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Based on 3D information from tomography mercury intrusion porosimetry (MIP), a method that
describes pore size distributions by pressure infiltration can be simulated. According to the so-called
Washburn equation [49], the capillary radius is inversely proportional to the applied pressure. A
cumulative MIP-PSD is thus obtained by linking the infiltrated volume with the corresponding pressure
and capillary radius. It is currently well accepted that the MIP-PSD mainly captures the size of
bottlenecks, which dominate the infiltration process [50]. Here we apply the method of Münch [35],
which uses the same principle as the c-PSD analysis. However, it adds the constraint that the
incrementally added volume must be connected with the plane from where the infiltration starts. A
cumulative MIP-PSD curve is thereby obtained by incrementally decreasing the sphere radius, which
corresponds to increasing pressures in the experimental MIP analysis. The “inkbottle effect” governs
the measurement like in the experimental counterpart such that the dimensions of the bottlenecks limit
the intrusion. Unlike the c-PSD, MIP-PSD measures the size of the bottlenecks (r50,min ) once the
breakthrough pressure is passed. Both methods can be applied to describe size distributions of pores
as well as solid phases.
The constriction factor (β) is given by the ratio of the cross-sectional areas of the bottlenecks to the
bulges (Amin /Amax ) and further simplification leads to the following relation:
ˆ
˙2
ˆ 2 ˙
rmin
πrmin
“
(5)
β“
2
πrmax
rmax
This concept was adapted to describe bottleneck effects in disordered microstructures (e.g., fuel cell
anodes) [37]. For this purpose, the results from c-PSD (r50,max ) and MIP-PSD (r50,min ) are used to describe
the average sizes of bulges and bottlenecks, respectively. By Equation 5 we obtain the constriction factor
(β), which can be plugged into Equation (4). Tubes of constant radius have a constriction factor of 1,
while in disordered microstructures of varying radii the values are <1.
Geodesic tortuosity, τgeod (simply τ) is defined as the ratio of geodesic distance (dgeod ) and material
thickness (l). In general, the geodesic distance can be interpreted as the shortest path length from one
side of the material to the other side through the transporting material phase. For statistical accuracy, we
consider the mean value of geodesic distances (shortest path lengths) for numerous starting points. More
precisely, any pixel in the so-called in-plane, which belongs to the transporting phase, is considered
a starting point for shortest path analysis. The shortest path lengths are calculated using Dijkstra’s
algorithm [51]. Therefore, the image is interpreted as a graph in which each voxel of the transporting
phase is a node and all the nodes are connected whenever the corresponding voxels are connected with
respect to the 26-neighborhood. Note that the geodesic tortuosity should not be mixed up with the
geometric tortuosity. For the latter, Dijkstra’s algorithm is applied to a skeleton graph of the transporting
phase. The two methods were compared in a recent study by Stenzel et al. [42] and it was concluded that
the geometric definition overestimates the tortuosity, while the geodesic definition captures tortuosity
with respect to the conductive transport processes more adequately.
2.5. Conductivities and M-Factor Simulation
Equations (2)–(4) describe a method to predict effective conductivities by using quantitative
microstructure analysis and the M-factor (M pred ), respectively (see Equation (4)). As an alternative
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approach, the effective ionic and electrical conductivities are also assessed by numerical simulation
using the software GeoDict (version 2014 Rev. March 2015) [52]. The mathematics involved in the
simulation are extensively described by Wiegmann and Zemitis [53]. The simulations of electrical and
ionic conductivities were done along x, y, and z directions, using the real tomographic data as input. It
should be noted that for the case where the phase of interest takes an intrinsic conductivity value of 1,
(while all other phases are set to 0), the obtained conductivities also represent the M-factor (i.e., M sim ).
Materials 2015, 8
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Figure 2. 2D slices of segmented 3D images of all the Ni-YSZ samples investigated in this
Figure 2. 2D slices of segmented 3D images of all the Ni-YSZ samples investigated in this
study. Three different YSZ powders (fine, medium, and coarse) are used for composite anode
study. Three different YSZ powders (fine, medium, and coarse) are used for composite anode
fabrication. In the initial microstructures (top row), Ni (white) and pores (black) follow the
fabrication. In the initial microstructures (top row), Ni (white) and pores (black) follow the
size of the YSZ (gray) starting particle size. Redox cycling (bottom row) leads to significant
size of the YSZ (gray) starting particle size. Redox cycling (bottom row) leads to significant
coarsening and agglomeration of Ni.
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fraction (Φeff ), which is defined as the product of the total volume fraction (Φ) multiplied by
fraction (Φefffactor
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the total the
volume
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of (Φ)
a phase,
which
a
percolation
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redox-cycling,
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percolation
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1. The(Figure
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percolation
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the percolation factors are close to 1. The cumulated percolation factors for Ni, YSZ, and pores together
and pores together comprise 0.991, 0.985, and 0.962 in fine, medium, and coarse microstructures,
comprise 0.991, 0.985, and 0.962 in fine, medium, and coarse microstructures, respectively. After redox
respectively. After redox cycling, the percolation factors of YSZ and Ni decrease. This change is
cycling, the percolation factors of YSZ and Ni decrease. This change is particularly strong for YSZ in
particularly
strong for YSZ in the coarse sample, where the percolation factor drops to 0.18. For the
the coarse sample, where the percolation factor drops to 0.18. For the Ni phase the changes are largest
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coarse
sample).
In all to
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Figure 5. (A) Percolation factors (P) of the different phases and (B) solid volume fractions
Figure 5. (A) Percolation factors (P) of the different phases and (B) solid volume fractions
(Φ, Φ
eff ) in the six Ni-YSZ anodes. P describes the interconnected portion of a phase.
(Φ,
Φeff) in the six Ni-YSZ anodes. P describes the interconnected portion of a phase.
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The c-PSD and MIP-PSD curves for Ni in fine and coarse anodes are shown in the supplementary
The
c-PSD(Figure
and MIP-PSD
curves
Ni in fine and
coarse
arefor
shown
in theThe
supplementary
materials
S1). The PSDs
forfor
medium-grained
anodes
areanodes
not shown
simplicity.
average
radii (Figure
(r50,max, rS1).
andPSDs
associated
constriction factors
of Ni,are
YSZ,
the pores
are summarized
in
50,min)The
materials
for medium-grained
anodes
notand
shown
for simplicity.
The average
r50,max
of Ni
particles inconstriction
fine, medium,factors
and coarse
anodes
are 378,
636are
nm summarized
(Figure 6a) in
radii Figure
(r50,max6., The
r50,min
) and
associated
of Ni,
YSZ,
and 540,
the and
pores
and6.theThe
average
bottleneck
sizes (r50,min
are 204,
275, andand
300coarse
nm (Figure
6b). are
Although
bulges
Figure
r50,max
of Ni particles
in) fine,
medium,
anodes
378, the
540,
and and
636 nm
bottlenecks increase from fine to coarse, the constriction factor (βNi) exhibits a slightly decreasing trend
(Figure 6a) and the average bottleneck sizes (r50,min ) are 204, 275, and 300 nm (Figure 6b). Although
from 0.29 (fine) to 0.22 (coarse) (Figure 6c).
the bulges and bottlenecks increase from fine to coarse, the constriction factor (βNi ) exhibits a slightly
Upon redox cycling, the average size of Ni (r50,max) increases from 378 nm (before) to 517 nm
decreasing
from
0.29 (fine)
to 0.22
(coarse) (Figure
6c). and associated average Ni sizes (r50,max)
(Figuretrend
6a). For
medium
and coarse
microstructures,
the c-PSDs
Upon
redox
cycling,
the average
size
(r50,max ) (rincreases
from
378 nmexhibit
(before)
to 517 nm
remain
almost
unchanged.
In contrast,
theof
NiNi
bottlenecks
the samples
an increase
50,min) in all
(Figure
6a).
Forcycling
medium
andthecoarse
microstructures,
thecoarse
c-PSDs
and associated
Ni sizes
(r50,max )
upon
redox
with
most significant
change for
anodes
(Figure 6b).average
Consequently,
in the
finealmost
sampleunchanged.
the constriction
factor (βNithe
) decreases
significantly
from
0.29
0.18
(Figure exhibit
6c) mainly
remain
In contrast,
Ni bottlenecks
(r50,min
) in
alltothe
samples
an due
increase

upon redox cycling with the most significant change for coarse anodes (Figure 6b). Consequently, in the
fine sample the constriction factor (βNi ) decreases significantly from 0.29 to 0.18 (Figure 6c) mainly due
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to grain growth (increase of r50,max ). In the medium and coarse samples βNi increases to 0.34 and 0.37
due totothe
opening of the bottlenecks (Figure S1B, increase of r50,min ) after
redox exposure.
grain growth (increase of r50,max). In the medium and coarse samples
βNi increases to 0.34 and 0.37
Asdue
illustrated
in Figure
the YSZ
phaseS1B,
exhibits
theofincreasing
the bulges from fine to
to the opening
of the 6d,
bottlenecks
(Figure
increase
r50,min) aftersize
redoxofexposure.
coarse before
redox in
cycling
360,
and
981 nm
the fine,
and from
coarse
As illustrated
Figure (i.e.,
6d, the
YSZ557,
phase
exhibits
the for
increasing
sizemedium,
of the bulges
finesamples,
to
coarse before
cycling (i.e.,by360,
557, andaverage
981 nmradii
for the
fine,bottlenecks
medium, and
coarse
respectively).
Thisredox
is accompanied
decreasing
of the
(195,
172,samples,
and 82 nm,
respectively).
This
is
accompanied
by
decreasing
average
radii
of
the
bottlenecks
(195,
172,
and
82
Figure 6e). Consequently, the constriction factor (βYSZ ) before redox cycling decreases fromnm,
0.37 to
Figure
6e).
Consequently,
the
constriction
factor
(β
)
before
redox
cycling
decreases
from
0.37
to
YSZ
0.007 (fine to coarse). The ceramic phase is usually described as a rigid backbone in the composite
0.007 (fine to coarse). The ceramic phase is usually described as a rigid backbone in the composite
anodes,
which resists mechanical stress and morphological degradation. Nevertheless, for samples with
anodes, which resists mechanical stress and morphological degradation. Nevertheless, for samples with
a coarse microstructure, a significant decrease of 25% in the size of bulges is observed upon redox
a coarse microstructure, a significant decrease of 25% in the size of bulges is observed upon redox
cycling
(Figure 6d). In the fine and medium samples the changes in the size of the bulges (r ) are ) are
cycling (Figure 6d). In the fine and medium samples the changes in the size of the bulges (r50,max50,max
smallsmall
(–6%(–6%
for fine
andand
+4%
forfor
medium).
bottleneckradii
radii
change
considerably
for fine
+4%
medium).In
InYSZ
YSZ the
the bottleneck
change
considerably
uponupon
redoxredox
cycling.
For example,
in the
coarse
smallbottleneck
bottleneck
radius
(r50,min
) decreases
cycling.
For example,
in the
coarsesample
samplethe
the initially
initially small
radius
(r50,min
) decreases
againagain
by 90%.
However,
in fine
andand
medium
radiidecrease
decreasestrongly
strongly
(Figure
by 90%.
However,
in fine
mediumsamples
samplesthe
the neck
neck radii
(Figure
6e).6e).

Figure 6. (a,d,g) Average sizes of bulges (r50,max from c-PSD); (b,e,h) bottlenecks (r50,min
6. (a,d,g)
sizes of bulges
(r50,max(β)
from
(b,e,h)
50,min
fromFigure
MIP-PSD);
andAverage
(c,f,i) constriction
factors
forc-PSD),
Ni, YSZ,
andbottlenecks
pores in (r
composite
from MIP-PSD), and (c,f,i) constriction factors (β) for Ni, YSZ, and pores in composite
anodes, before (black) and after redox cycling (gray). Ni: The βNi in the fine sample
anodes, before (black) and after redox cycling (gray). Ni: The βNi in the fine sample decreases
decreases due to the growth of bulges (r50,max Ò) while the βNi in medium and coarse samples
due to the growth of bulges (r50,max ↑) while the βNi in medium and coarse samples increase
increase
due
the widening
of the bottlenecks
(r50,minUpon
Ò). redox
YSZ:cycling,
Upon redox
cycling,
due to
theto
widening
of the bottlenecks
(r50,min ↑). YSZ:
the sizes
of the the
sizesbulges
of theremain
bulgesnearly
remain
nearly
constant
while the
are shrinking
(r50,min Ó).
constant
while
the bottlenecks
arebottlenecks
shrinking (r50,min
↓). Consequently,
Consequently,
the βYSZ
after redox
Pore:andFor
medium
and all
coarse
all the βYSZalldecrease
afterdecrease
redox cycling.
Pore: cycling.
For medium
coarse
samples
parameters
remain stable
during
redox
cycling.
the fine In
sample
the sample
bottlenecks
expand
samples
all parameters
remain
stable
during
redoxIncycling.
the fine
the bottlenecks
(r
↑),
which
results
in
a
higher
β
after
redox
cycling.
Pore
expand50,min
(r50,min Ò), which results in a higher
βPore after redox cycling.
The average sizes of bulges and bottlenecks in the porous network, as well as the corresponding
constriction factors, are shown in Figure 6g–i. The size of the bulges and the bottlenecks of the pores
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sizes
of bulges and bottlenecks
in the porous
network,
as wellinasthe
thepore
corresponding
increaseThe
as average
the initial
microstructures
become coarser.
The biggest
change
structure upon
constriction factors, are shown in Figure 6g–i. The size of the bulges and the bottlenecks of the pores
redox cycling concerns the increase of the bottleneck radius in fine anodes (Figure 6h), which may be
increase as the initial microstructures become coarser. The biggest change in the pore structure upon
related to the qualitatively observed swelling. Before redox cycling, the constriction factor (βPore ) in the
redox cycling concerns the increase of the bottleneck radius in fine anodes (Figure 6h), which may be
fine sample
relatively
low observed
(0.25), compared
to medium
coarse
samples. After
related toisthe
qualitatively
swelling. Before
redox and
cycling,
the constriction
factorredox
(βPore)cycling
in the the
βPore fine
is relatively
(0.5 low
˘ 0.1)
in all
three samples.
sample is large
relatively
(0.25),
compared
to medium and coarse samples. After redox cycling the
βPore is relatively large (0.5 ± 0.1) in all three samples.

3.5. Geodesic Tortuosities (τ )

3.5. Geodesic Tortuosities (τ)
The
geodesic tortuosities of Ni, YSZ, and the pores are shown in Figure 7. In general, the geodesic
tortuosities
onlytortuosities
in a narrow
between
1.0
and are
1.5.shown
Exceptionally
high
tortuosities
are observed
The vary
geodesic
of range
Ni, YSZ,
and the
pores
in Figure 7.
In general,
the geodesic
in thetortuosities
coarse samples
forinNi
(1.7 before
and 1.6 1.0
after
and for YSZ
(before
redox).
Before redox
vary only
a narrow
range between
andredox)
1.5. Exceptionally
high
tortuosities
are observed
in the
samples of
forNi
Niand
(1.7 YSZ
beforetend
and to
1.6increase
after redox)
andfine
for to
YSZ
(before
redox).7a,b).
BeforeUpon
redoxredox
cycling,
thecoarse
tortuosities
from
coarse
(Figure
cycling,
tortuosities
and YSZ
YSZ tend
from
to coarseexcept
(Figure for
7a,b).
Upon
cycling,
the the
tortuosities
ofofNiNiand
tendtotoincrease
increase
in fine
all samples
YSZ
in redox
the coarse
cycling,
the tortuosities
and of
YSZ
to increase
all samples
except because
for YSZ the
in the
coarse
anode.
However,
the resultsofforNiYSZ
thetend
coarse
sample in
must
be questioned
representative
anode. However, the results for YSZ of the coarse sample must be questioned because the representative
elementary volume (REV) may be larger than the image window. The REV for coarse YSZ is very large
elementary volume (REV) may be larger than the image window. The REV for coarse YSZ is very large
due to the significant loss of percolation upon redox cycling (see also Figure 5).
due to the significant loss of percolation upon redox cycling (see also Figure 5).
In the
initial state, the tortuosities in the pore structures (Figure 7c) increase from coarse to fine
In the initial state, the tortuosities in the pore structures (Figure 7c) increase from coarse to fine
samples,
which
maymay
be be
attributed
thefine
fineanode
anode
upon
sintering.
samples,
which
attributedtotostronger
stronger densification
densification ofofthe
upon
sintering.
AfterAfter
redoxredox
cycling,
the tortuosities
in in
thethepores
low, which
whichisisdue
due
macroscopic
swelling
cycling,
the tortuosities
poresare
are generally
generally low,
to to
thethe
macroscopic
swelling
and and
associated
opening
of the
pore
networks.
associated
opening
of the
pore
networks.

Figure 7. Mean geodesic tortuosity of (a) Ni; (b) YSZ; and (c) pores before (black) and
Figure 7. Mean geodesic tortuosity of (a) Ni, (b) YSZ, and (c) pores before (black) and after
after (gray) redox cycling. Note: Geodesic tortuosities are usually relatively low (i.e., <1.5)
(gray) redox cycling. Note: Geodesic tortuosities are usually relatively low (i.e., <1.5) and
and represent
representthe
theshortest
shortestpathways
pathways
from
a predetermined
direction)
through
from
AA
to to
BB
(in(in
a predetermined
direction)
through
the the
voxel-domain
of aofsegmented
voxel-domain
a segmentedphase.
phase.
3.6. Simulation of Effective Transport Properties (σ eff ) and Microstructure Factors (Msim )
Effective conductivities and the corresponding microstructure factors (M sim ) can be assessed by means
of numerical simulations. In order to capture the microstructure effects in a realistic way, 3D information
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Effective conductivities
and the corresponding
factorssimulations
(Msim) can be
by with
from tomography
is used as geometric
input. In this microstructure
study, the transport
areassessed
performed
means of numerical
the commercial
software simulations.
GeoDict. In order to capture the microstructure effects in a realistic way,
information
from8b,
tomography
is used(M
as geometric
input. In this study, the transport simulations are
As3D
shown
in Figure
the M-factors
sim ) of YSZ in the fresh samples tend to decrease from fine
performed with the commercial software GeoDict.
to coarse. Hence, fine microstructures appear to be preferable. However, the M-factors of YSZ decrease
As shown in Figure 8b, the M-factors (Msim) of YSZ in the fresh samples tend to decrease from fine
strongly upon redox cycling, which leads to strong limitations for ionic conductivities. In the coarse
to coarse. Hence, fine microstructures appear to be preferable. However, the M-factors of YSZ decrease
microstructure
thisredox
limitation
is which
already
present
in the
initial microstructure
(before redox)
due to the
strongly upon
cycling,
leads
to strong
limitations
for ionic conductivities.
In the coarse
low sintering
activity
strong isconstrictions
at the
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The
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for
ionic
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in
the
simulation
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conductivity
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between
the particle
sizeof of
YSZ andfactors.
the corresponding
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coarser
YSZ tends to
between the particle size of YSZ and the corresponding sintering activities (i.e., coarser YSZ tends to
have smaller bottlenecks). Apparently, in the coarse sample the necks are so weak that mechanical
have smaller bottlenecks). Apparently, in the coarse sample the necks are so weak that mechanical
stresses from redox cycling even lead to a loss of connectivity between the YSZ particles (see Figure 5:
stresses from redox cycling even lead to a loss of connectivity between the YSZ particles (see Figure 5:
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andand
totoa areduction
effectivevolume
volumefraction.
fraction.
In the
sample
of percolation
factor)
reduction of
of the
the effective
In the
fine fine
sample
there there
is also
an increase
of tortuosity,
to the
thesignificant
significantreduction
reduction
of the
M-factor
during
is also
an increase
of tortuosity,which
whichcontributes
contributes to
of the
M-factor
during
redoxredox
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Figure 8. Simulated M-factors (M sim ) of (a) Ni and (b) YSZ before (black) and after (gray)
Figure 8. Simulated M-factors (Msim) of (a) Ni and (b) YSZ before (black) and after (gray)
redoxredox
cycling
for for
fine,
medium,
Pristinesamples
samples
exhibit
a decreasing
cycling
fine,
medium,and
andcoarse
coarse samples.
samples. Pristine
exhibit
a decreasing
M simMfrom
fine to coarse for Ni and YSZ. After exposure to redox cycling, the M simNiofinNi in
sim from fine to coarse for Ni and YSZ. After exposure to redox cycling, the Msim of
the fine
sample
decreases,
while
andcoarse
coarsesamples.
samples.
Mof
of YSZ
the fine
sample
decreases,
whileititimproves
improves in
in medium
medium and
Msim
in in
simYSZ
all samples
decreases
after
redoxcycling.
cycling.
all samples
decreases
after
redox
The M-factors (Msim) of Ni vary in a relatively narrow range between 0.01 and 0.08 (Figure 8a).

The M-factors (M sim ) of Ni vary in a relatively narrow range between 0.01 and 0.08 (Figure 8a).
Before redox cycling, the M-factors of Ni decrease from fine to coarse. This result implies that in the
Before
redox
cycling,
the M-factorsare
of preferred
Ni decrease
from
to coarse.
This effective
result implies
that in
fresh
anode,
fine microstructures
due to
the fine
relatively
high initial
electrical
the fresh
anode, fine
are
preferred
due
to the
high initial
electrical
conductivity.
Aftermicrostructures
redox cycling, the
M-factor
of Ni
in the
finerelatively
sample decreases,
whileeffective
the M-factors
conductivity.
redox samples
cycling,increase.
the M-factor
ofthe
Ni simulated
in the fine
sampleelectrical
decreases,
while the in
M-factors
of mediumAfter
and coarse
Overall,
effective
conductivities
all
investigated
still relatively
high,Overall,
even after
cycling,effective
since theyelectrical
reach 1% conductivities
to 8% of the in
of medium
and anodes
coarse are
samples
increase.
theredox
simulated
all investigated anodes are still relatively high, even after redox cycling, since they reach 1% to 8%
of the intrinsic conductivity in bulk nickel. As mentioned above, since transport distances in thin anode
layers are short, these effective electrical conductivities are not expected to impose significant limitations
to the anode performance. However, as discussed later, the results for Ni in the medium and coarse

Materials 2015, 8

5568

microstructure have to be interpreted carefully, because the corresponding REV is very large, possibly
even exceeding the thickness of the anode layer.
4. Discussion
This study focuses on three main points. (1) The first is the evaluation of the possibility to predict
anode conductivities based on an empirical relation (Equation (4)) between the measured topological
parameters and effective transport properties. The empirical equation was developed by means of virtual
materials testing (i.e., analyzing virtual microstructures from a stochastic model). In this first part, the
aim is to test whether this relationship also holds for real microstructures (i.e., porous Ni-YSZ anodes);
(2) Next is the understanding of redox degradation mechanisms in Ni-YSZ anodes, with a special focus
on effective transport properties. The knowledge of micro-macro relationships (Equation (4)) enables us
to determine specific contributions to the degradation of conductivities, which originate from quantifiable
changes of specific, transport-relevant topological parameters. This level of detail is novel and potentially
sheds new light on degradation mechanisms; (3) The last point is to formulate fabrication guidelines and
design concepts for improved redox-stable Ni-YSZ anodes. The mechanisms and degree of degradation
are related to the initial microstructure (fine, medium, coarse). This information can be used to test new
concepts for redox-stable anode microstructures with high electrical and ionic conductivities, which may
be obtained by mixing powders with different levels of fineness.
4.1. Prediction of Effective Transport Properties
In the results section, we have presented topological parameters that are relevant for transport
properties. In addition, the effective electrical and ionic conductivities were determined by numerical
simulation (M sim ) using 3D microstructures as input. At this point we intend to predict the effective
electrical conductivity based on the topological parameters using Equation (4). A plug-in of the
topological parameters (Φeff , β, τ) obtained from 3D microstructure analysis into this equation gives
the predicted M-factors (M pred ).
The prediction of effective transport properties and the corresponding electrochemical performance
requires a clear definition of the topological parameters that are used for the prediction. For example,
in literature, tortuosity factors are measured in several ways. Iwai et al. [54], Kishimoto et al. [55],
and Ananyev et al. [56] used the random walk method, Wilson et al. [13], Izzo et al. [22], and
Laurencin et al. [57] used the solution to the Laplace equation, Iwai et al. [54] and Grew et al. [23] used
the Lattice Boltzmann method, while recent works of Boiguez-Muñoz et al. [58] and Brus et al. [59]
used the modified Stefan-Maxwell model. The differences in the definition and implementation of these
methods can be one source for the discrepancies between the predicted properties and the experimentally
determined properties. A second problem is related to the representative elementary volume (REV),
which may also affect the reliability of measured topological parameters. For example, the work of
Kanno et al. [60] showed that when compared to other microstructural parameters such as volume
fraction and surface, the tortuosity factor requires a larger sample volume for representative analysis [61].
A third problem for the prediction of effective properties based on topological parameters is the fact
that, often, not all relevant microstructure effects are captured. Very often only tortuosity and effective
volume are considered, whereas the bottleneck effect (i.e., constrictivity) is neglected. Despite these
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quantitative 3D analysis, other works in literature on porous media [63,64] base the transport-related
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Figure 9. (a,b) Summary of M pred («M sim ) and (c,d) topological parameters in pristine
Figure 9. (a,b) Summary of Mpred (≈Msim) and (c,d) topological parameters in pristine
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The correlations between M pred and M sim are shown in Figure 10. Before redox cycling, a strong
correlation between M pred and M sim is observed (Figure 10a,b). This is a clear indication that the
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Figure 10. Comparison between predicted (M pred ) and simulated (M sim ) microstructure
Figure 10. Comparison between predicted (Mpred
) and simulated (Msim) microstructure
factors of Ni and YSZ in pristine anodes (a,b) and after redox cycling (c,d). Before redox
factors of Ni and YSZ in pristine anodes (a,b) and after redox cycling (c,d). Before redox
cycling, the data points lie close to the diagonal reference line (solid line), which confirms
cycling, the data points lie close to the diagonal reference line (solid line), which confirms a
a strong correlation between the M
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Msim).

The different degrees of heterogeneity and associated potential problems with the size of the REV are
illustrated in Figure 11 (medium and coarse). The
The figures
figures show fluctuations of two topological parameter
profiles through the anode layers. Figure 11a,b represent the effective volume fractions from stacked 2D
plane) a connectivity check is performed with the inlet plane
analysis, whereby for each 2D image (y–z
(y-z plane)
on the left (x-direction). If connectivity with the left side is lost completely, then the effective volume
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Figure 11. (a,b) Profiles of the connected volume fraction (ΦP = Φeff ) and (c,d) tortuosity (τ)
Figure 11. (a,b) Profiles of the connected volume fraction (ΦP = Φeff) and (c,d) tortuosity (τ) of
of Ni and YSZ in medium and coarse samples, respectively, as a function of film thickness
Ni and YSZ in medium and coarse samples, respectively, as a function of film thickness
(x-direction). Connectivity check is performed with the inlet plane (left side). The fluctuating
(x-direction). Connectivity check is performed with the inlet plane (left side). The fluctuating
values for YSZ are attributed to significant loss of connectivity, which is particularly strong
values for YSZ are attributed to significant loss of connectivity, which is particularly
after redox cycling (Compare Figure 5). Geodesic tortuosities are more fluctuating (values
strong after redox cycling (Compare Figure 5). Geodesic tortuosities are more fluctuating
between 1 and 2.5) as compared to the fine sample (Figure S2).
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Figure 12. (a) Comparison between M pred and M sim for Ni, illustrating the effect of varying
Figure 12. (a) Comparison between Mpred and Msim for Ni, illustrating the effect of varying
image window size. The point represented by a star (*) is obtained if both M pred and M sim
image window size. The point represented by a star (*) is obtained if both Mpred and Msim are
are obtained by analysis of the same image window (region B, (b) image). The data point
obtained by analysis of the same image window (region B, (b) image). The data point marked
marked with an open triangle (∆) is obtained if M pred is based on analysis of region A (b)
with an open triangle (Δ) is obtained if Mpred is based on analysis of region A (b) while Msim
while M sim is obtained from region B (b). Note: The image on (b) is a 2D cross-section of a
is obtained from region B (b). Note: The image on (b) is a 2D cross-section of a 3D image
3D image window. The larger image window (A, in 3D) exceeds the limits of conventional
window. The larger image window (A, in 3D) exceeds the limits of conventional
voxel-based computations (M sim ) but can be used for topology analysis (M pred ).
voxel-based computations (Msim) but can be used for topology analysis (Mpred).
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Figure 13. Relative experimental conductivities (open symbols) for fine, medium, and
Figure 13. Relative experimental conductivities (open symbols) for fine, medium, and
coarse anodes and their evolution over eight redox cycles at 950 ˝ C based on the work of
coarse anodes and their evolution over eight redox cycles at 950 °C based on the work of
Iwanschitz [45]. Relative experimental conductivity means that the measured conductivity
Iwanschitz [45]. Relative experimental conductivity means that the measured conductivity
after n cycles is normalized by the conductivity measured after the first cycle. The relative
after n cycles is normalized by the conductivity measured after the first cycle. The relative
predicted conductivity (filled symbols) is based on the M pred , with normalization by the initial
predicted conductivity (filled symbols) is based on the Mpred, with normalization by the initial
values (zeroth cycle). Similar evolution curves are obtained by prediction and experiment.
values (zeroth cycle). Similar evolution curves are obtained by prediction and experiment.
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Figure 14. Redox degradation of the fine anode is described with normalized M-factors
Figure 14. Redox degradation of the fine anode is described with normalized M-factors and
and topological parameters of Ni and YSZ. Normalization means building the ratio of
topological parameters of Ni and YSZ. Normalization means building the ratio of values
values before over values after redox cycling. The degradation of the Ni M-factor is
before over values after redox cycling. The degradation of the Ni M-factor is significantly
significantly affected by changes in volume fraction (i.e., percolation) and tortuosity, whereas
affected by changes in volume fraction (i.e., percolation) and tortuosity, whereas the
the degradation of the YSZ M-factor is most significantly affected by changes in tortuosity.
degradation of the YSZ M-factor is most significantly affected by changes in tortuosity. The
The exponents of the microstructural parameters are those from Equation (4), which allows
exponents of the microstructural parameters are those from Equation (4), which allows us to
us to directly assess the relative roles of these terms on the M-factors.
directly assess the relative roles of these terms on the M-factors.
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Figure 15. Illustration of redox degradation by normalized M-factors and topological
Figure 15. Illustration of redox degradation by normalized M-factors and topological
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in the fine Ni network. For YSZ in coarse anodes, the redox cycling leads to significant
substantial loss of connectivity (see Figure 5 and discussion of size-dependent sintering activity). This
degradation of the M-factor and the associated ionic conductivity. This is attributed to the substantial
loss of connectivity also leads to a larger REV, which questions the reliability of the corresponding
loss of connectivity (see Figure 5 and discussion of size-dependent sintering activity). This loss of
topological analyses of coarse YSZ after redox cycling.
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islands. This is also supported by the results for the fine anode in Figure 6, which show that the size of
microstructure have a relatively high mobility due to a high surface energy. Preferably, the mobile Ni
the Ni bulges (r50,max) increases during redox cycling and the connectivity of Ni decreases at the same
becomes enriched at the pre-existing bulges in the Ni network and/or they may also form new isolated
time. In addition, in the fine microstructure, YSZ and pores both form fine-structured networks which
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For coarse anode microstructures, the Ni growth is mainly localized along the bottlenecks (as
indicated by red domains in Figure 16b). As shown in Figure 6, for coarser samples, the increase in
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While Ni coarsening is an obvious feature of redox degradation, YSZ is also affected by the stress
associated with the Ni agglomeration. For example, Figure 17 shows the splitting of YSZ particles
invoked by the Ni growth. The strain is most probably concentrated along the sinter necks, which are
weakest for the coarse anode. Consequently, the YSZ disintegrates and loses percolation.
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In summary, the different modes of Ni agglomeration can be explained by the fact that the fine
microstructure has a granular texture with numerous fine particles. The reduction of surface energy
is achieved when Ni is redistributed from small particles to larger ones. In contrast, in the coarse
microstructure, Ni forms a more continuous network with a sinusoidal surface morphology. The surface
energy is minimized when mobile Ni moves into the concavities (i.e., bottlenecks).
4.3. Mixing Different Powders
The optimization of redox stability of Ni-YSZ has also been investigated by using various techniques
such as the addition of Mg species [65], the infiltration of a polymeric NiO precursor into the YSZ
skeleton [66], the dispersal of fine YSZ particles on the surface of NiO [67], and the lowering of the
reoxidation temperature [68].
Based on the knowledge gained in this study, we suggest addressing the issue of redox degradation
by combining the advantages of different microstructure fineness (see Table 1). According to this
study, the fine anode has the highest initial electrical and predicted ionic conductivities. Moreover, it
has the advantage of strong YSZ bottlenecks, which ensure relatively stable ionic conductivity (and,
supposedly, high TPB). However, in terms of redox stability, the anode with coarse microstructure has
distinct advantages, mainly because it has a higher initial porosity which leaves more space for the
volume expansion upon oxidation. In the coarse anode, Ni undergoes a low loss of percolation and the
mobilization of Ni even leads to wider bottlenecks, which have a positive effect on electrical conductivity.
The disadvantage here is the relatively low sintering activity of YSZ. Consequently, for improved redox
stability, we combine a 50:50 vol % ratio of fine and coarse, as well as fine and medium, powders of
YSZ. This should lead to higher initial conductivities (from fine) and increase the redox stability of Ni
(coarser pores) and of YSZ (fine particles as sinter help).
Table 1. Summary of degradation in Ni and YSZ upon redox cycling of fine and
coarse anodes.
State of
Degradation
Before redox
cycling

After redox
cycling

FINE

COARSE

Ni

YSZ

Ni

YSZ

(+) High initial
e´ conductivity
(–) Strong
coarsening, (–)
Loss of
percolation, (–)
Increase of τ

(+) High initial ionic
conductivity

(–) Low initial e´
conductivity
(–) Significant
coarsening but, (+)
Low loss of
percolation, and (+)
Low change of β and τ

(–) Low initial ionic
conductivity
(–) Weak bottlenecks
due to low sinter
activity, (–) High loss of
percolation, (´) Strong
change of β and τ

(+) Strong bottlenecks
due to high sinter
activity, (+) Small
increase of τ

The relative electrical conductivities (Figure 18) show that in 50:50 mixtures the degradation behavior
is mainly dominated by the properties of the fine powder and microstructure. The addition of medium
and coarse powders seems to lower the degradation rate of the electrical conductivity but, obviously,
the 50% fine is too high. For further optimization we thus suggest a lower amount of the fine
powder (e.g., 10%). Such anode compositions should have better resistance to both ionic and electrical
conductivity degradation.
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5. Conclusions

5. Conclusions

In this study, we investigate the relationship between microstructure and effective transport properties
Ni-YSZ
anodes and the
the relationship
corresponding between
degradation
upon redox cycling.
Our microstructure
In thisinstudy,
we investigate
microstructure
and effective
transport properties

in Ni-YSZ anodes and the corresponding degradation upon redox cycling. Our microstructure
investigations reveal a complex pattern of different materials properties and degradation behaviors, which
vary depending on the coarseness of the initial microstructure.
5.1. Comparison of Fine vs. Coarse Anodes: Before Redox Cycling
In the initial state, the fine anode has higher-predicted electrical and ionic conductivities compared to
the coarse anode. The M-factors predicted from the topology analysis and from the numerical simulation
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are consistent with each other. These M-factors decrease from fine to coarse microstructures for both
phases (Ni and YSZ). For Ni, the lower M-factor in the coarse anode is mainly related to a higher
tortuosity and a lower effective volume fraction (due to low connectivity). For YSZ, the lower M-factor
in the coarse anode can be attributed to a higher tortuosity and a lower constrictivity (small bottlenecks,
low sinter activity).
5.2. Comparison of Ni in Fine vs. Coarse Anodes: After Eight Redox Cycles
Upon redox cycling at 950 ˝ C, Ni coarsening and YSZ loss of percolation are the most obvious
features of anode degradation, but the degree of degradation strongly depends on the initial particle size
and on the fineness of the microstructure. The fine anode is affected by substantial Ni coarsening, which
leads to a significant loss of percolation and increase of tortuosity. This microstructure degradation is
compatible with the experimentally measured drop of electrical conductivity by ca. 50% over eight redox
cycles. In the coarse microstructure Ni coarsening is also a prominent feature; however, due to larger
pores, the spatial rearrangement of Ni is less harmful than in the fine anode. In the coarse anode, the loss
of percolation as well as the changes of tortuosity and constrictivity are relatively small. Moreover, this
microstructure degradation is compatible with the experimental data, showing a stable evolution of the
electrical conductivity over eight redox cycles.
5.3. Comparison of YSZ in Fine vs. Coarse Anodes: After Eight Redox Cycles
Redox cycling and the associated rearrangement of Ni exerts stresses onto the rigid YSZ structure.
In the fine sample, YSZ has stronger necks due to a higher sintering activity. Consequently, the fine
YSZ remains relatively stable upon redox cycling. In contrast, the coarse YSZ has a lower mechanical
stability due to weaker sinter necks. In coarse anodes, redox cycling leads to a significant loss of
connectivity between the large YSZ grains despite the fact that the pores are more open and Ni has more
room for volume expansion upon oxidation. The loss of connectivity also induces a strong increase of
tortuosity. Together with a decrease in constrictivity, these three degradation phenomena (i.e., changes
of percolation P, tortuosity τ, and constrictivity β) lead to a significant drop of the YSZ M-factor and of
the corresponding predicted ionic conductivity in the coarse anode.
Also, in this study, we followed a hypothesis that a mixture of fine- and coarse-grained (or
medium-grained) particles would be beneficial to slow down the degradation of both phases (Ni and
YSZ) and the associated drop of conductivities. The first experimental results in this direction indicate
that mixtures with 50% fine and 50% coarse YSZ powders are not ideal. In the 50:50 (fine:coarse)
mixtures the Ni coarsening and YSZ degradation appear to be dominated by the negative properties
of fine particles and pores. Consequently, it is suggested that a smaller amount of fine YSZ may be
sufficient to increase the stability of the sinter necks between larger YSZ particles. This improvement is
important since, in general, ionic conductivity is a strongly limiting factor for high anode performances
(i.e., distribution of O2´ ions within the anode). In addition, relatively coarse pores are considered to
be beneficial in the sense that they represent buffer space during the expansion upon Ni oxidation to
NiO, which is not available in the fine-grained anodes due to the higher density after sintering. The
coarser pores may also be introduced with suitable pore formers. In conclusion, for future improvements
of anode performance and redox stability, we propose a mixture of (<50%) fine and (>50%) coarse
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YSZ powders and the addition of relatively coarse pore formers. The optimum proportions of these
components are yet to be defined.
Aside from the insights mentioned above, the following conclusions can be drawn with respect to the
suitability of methods to study microstructure effects. In this study, the relationship between conductivity
and microstructure was investigated in two ways: (1) by numerical simulation of conductivity and (2) by
using an empirical relationship that allows the prediction of effective conductivities based on topological
parameters from 3D analysis. With respect to numerical simulation it is important to note that, in the
past, conventional FE (finite element) analysis was strongly limited by the number of structural elements
(grid points). Therefore, it was necessary to transform the high resolution tomographic data (voxels)
into lower resolution meshes (cubic or tetragonal). However, recent progress of commercial simulation
tools (e.g., GeoDict, Avizo) allows running simulations on voxel grids > 5003 in a reasonable time. The
option to perform computations directly on the voxel grid from tomography represents a considerable
improvement. For the initial anode microstructures investigated in this study, this size is sufficient to
describe the REV at a resolution that is high enough to capture the relevant details (e.g., small bottlenecks
and connectivity). However, after redox cycling, the representative volume is clearly larger and the
results obtained from the numerical simulation are not reliable. The second method (i.e., topological
analysis) can handle larger data volumes and the limitations regarding REV are less severe. Nevertheless,
for the coarse anode after redox cycling, the structures are very heterogeneous and the REV is strongly
enlarged. This size could not be reached with either of the methods. For this reason, the results for
coarse anodes after redox cycling must be considered as qualitative and preliminary.
A further methodic aspect is the fact that transport simulations do not provide the specific topological
parameters which control the anode performance. 3D imaging and topological analyses are necessary to
capture the complex picture of microstructure degradation and its relation with effective properties. In
summary, since both methods provide complementary information, a combination of the two methods is
considered as being ideal to study such microstructure effects.
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