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Time-resolved multiphase-field modeling of nickel-coarsening in Ni-YSZ SOFC anode.
Incorporation of real FIB-SEM reconstructed microstructure.
Microstructure-property linkage by transmission-line model (TLM).
Results reveal sensitivity of polarization resistance on wetting condition.
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A B S T R A C T

FIB-SEM measurements of as-processed Ni-YSZ solid oxide fuel cell (SOFC) anodes are conducted. Based on
the reconstructed volume as initial condition, multiphase-field simulations of nickel coarsening are performed
to investigate the microstructure under operating conditions. The effect of the wettability of nickel on YSZ
is discussed to span a possible range of different operating conditions. Effective properties including nickel
particle size distributions, mean particle diameters, tortuosities and triple-phase boundary lengths (TPBL) serve
as quantitative indicators for possible degradation and failure. The resulting data is used in a transmission-
line model (TLM) to estimate anode performance and long-term stability. Generally, the simulations show
that Ni coarsening at 750 °C takes place mainly in the first 100 hours. It is found that nickel coarsening is
enhanced when nickel shows dewetting on YSZ. Among other findings, the TPBL decreases significantly during
the simulations for all parameter sets and is insusceptible to variations in wetting angle. The TLM considers
the reduction of TPBL as the main factor for degradation. Loss of nickel connectivity can lead to a further
significant drop in anode performance occurring predominantly for low wettability of nickel on YSZ.
. Introduction

Current efforts towards a sustainable future rely on an efficient
nd cost effective utilization of energy sources. In this regard, fuel
ell technology constitutes a promising candidate to minimize carbon
missions due to its capability of efficiently converting chemical to
lectrical energy. Among the different types of fuel cells, solid oxide
uel cells (SOFCs) can reach the highest level of efficiency [1]. Nev
rtheless, advanced materials are required to withstand the typical

∗ Corresponding author.

operating conditions at elevated temperatures of more than 700 °C.
Challenges associated with the application of SOFCs include the long
term degradation of the functional materials, which is due to a change
in microstructural properties with time. One of the contributions to
the loss of performance is attributed to the SOFC anode functional
layer (AFL) in which the fuel gas reaction takes place. Inside the AFL
the major contribution to the microstructural degradation is caused
by nickel coarsening [2]. A detailed understanding of the underlying
E-mail address: paul.hoffrogge@kit.edu (P.W. Hoffrogge).
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mechanisms is required to deduce guidelines for the design of the anode
material, which is the main motivation for our current manuscript.

The phase field technique has been employed in the context of
OFC anodes by several authors [3 16]. The studied microstructures
re either artificially generated (randomly disordered [4,8], randomly
losed packed [5,6], equiaxed [10] or artificially sintered [15]) or

reconstructed by FIB SEM microscopy [3,7,9,11,13,14]. A recent work
combined the multiphase field method and ex situ ptychographic nano
omography for the modeling of nickel coarsening in Ni YSZ elec
rodes [16]. The first work by Chen et al. [3] already utilized FIB SEM

reconstructed microstructures but of a limited size of less than 3.53 μm3

nd studied the effect of wettability on the microstructural evolution,
hich was also discussed in later works by Li et al. [4] and Jiao and
hikazono [11].

The mass transfer mechanisms considered vary from predominant
urface (Ni Pore) diffusion [3,5], a combination of interfacial diffusion
long the various phase boundaries [6], grain boundary diffusion [7,9],
ure bulk diffusion [4,10,16] and a combination thereof [11,14,15]. Lei
t al. [13] focused on the influence of fuel supply by considering gas

diffusion of Nickel hydroxide at very high temperatures above 800 °C
sing a KKS type model [17]. Xiang et al. [14] studied the influence of
intering conditions and a variation in the volume fractions on the long
erm stability of numerous samples, each of size 103 μm3. Wang et al.
15] proposed a numerical model to relate the observed microstructural
hanges from phase field modeling to a change in anode performance.

Inside the above works, the ceramic YSZ phase is usually considered
s fully or nearly time invariant. Only in [3,10] a comparison between
n evolving and non evolving YSZ phase was conducted, while the
tatic YSZ treatment was held to be more realistic in both works
ndependently. This is in line with experimental evidence based on
 one year test of a Ni YSZ electrode [18], where only negligible
hanges in the particle size distribution of YSZ were observed as well as
nvestigations after 1300 h of operation at different operation conditions
evealing no change in YSZ volume fraction and tortuosity [19].

Regarding the type of phase field models in use, Chen et al. [3]
tilized a multiphase Cahn Hilliard model first developed in [20]. Most
f the other works [4,7,9 11,14,15] can be traced back to a work
f Chen and Fan [21], which comprises of a combination of Allen
ahn and Cahn Hilliard models [22,23]. A different but related model

s employed in [5,6] based on a work of Wang [24]. Among the second
roup of models, Lei et al. [10] modified the model [21] towards an im
roved tunability of the interfacial energies, which was also later used
n [15] and helps maintaining realistic wetting conditions. This model
odification also achieves similar interfacial thicknesses among the
ifferent types of grain and phase boundaries. In this regard, our herein

utilized model has a few notable advantages, which was analyzed and
iscussed in detail in our recent work [25]. The current model allows

an independent control of interfacial energies for each binary interface,
concomitantly maintaining equal and finite interfacial thicknesses and
eproduces interfacial diffusion in a quantitative manner. This allows

to accurately incorporate measured surface diffusivities and wetting
angles in a straightforward manner.

Apart from the phase field model details, in the current manuscript,
we aim at correlating the microstructural changes with the evolution
of the performance of the anode by means of a transmission line
model (TLM). This approach is common to model the electrochemi
cal behavior of porous composite electrodes (e.g. Ni GDC infiltrated
cermet anodes [26], LSM YSZ cathodes [27,28] or Ni ScYSZ cermet
anodes [29]) and was successfully implemented by Dierickx et al.
[30] for Ni YSZ anodes. While some authors moved towards similar
directions e.g. through an integrated modeling approach in [5] or a so
called electrode numerical model in [15], no work among the phase field
simulations so far addresses a combination of using realistic exper

imentally reconstructed microstructures and correlating the merely
microstructural properties to performance. As has been shown recently
by Ouyang et al. [31, Table 2], the wetting angle of nickel on YSZ can
vary as a function of operating conditions. Therefore, the influence of a
change in wetting angle is discussed in the current manuscript. Another
important factor which in contrast to wetting angle can be controlled
during manufacturing is the nickel content, which we will discuss
as an additional degree of freedom in a separate second part of the
work.

2. Methods

2.1. SOFC fabrication and operation

The investigated SOFC samples consist of a silicate support, a LSM
YSZ cathode, YSZ electrolyte and a Ni YSZ anode (more details can be
found in [32]). The functional layers were applied by screen printing
and then laminated onto the substrate. The SOFC sample was co fired at
a temperature between 1100 °C and 1300 °C and consecutively reduced
at 𝑇 = 850 °C for four hours.

2.2. FIB SEM measurement

The 3D microstructure of the Ni YSZ anode was analyzed by se
quential scanning electron microscope (SEM) imaging and focused ion
beam (FIB) milling. Volumes with an edge length in the range of 10
to 100 micrometer at a resolution as good as 10 nm can be reliably
detected [33,34]. The specimens were infiltrated with an epoxy resin
(EpoFix, Struers GmbH, Willich, Germany) under vacuum conditions to
infiltrate the pores. This allows SEM examination without topographic
contrast. After polishing with SiC paper, the samples were mounted on
a sample holder. Charging is reduced by using an electrically conduc
tive silver adhesive and by sputtering a platinum coating. Datasets for
FIB/SEM tomography were obtained with a Thermo Scientific™ Helios
G4 FX DualBeam™ (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) microscope. A good material contrast between nickel and YSZ was
obtained with the through the lens secondary electron detector (TLD)
in charge neutralization mode at an electron energy of 3 keV and a
beam current of 0.8 nA (cf. [32,34]). During FIB/SEM tomography the
Ga+ ion beam current was set to 2.4 nA at 30 keV.

The image stack was aligned using ImageJ Fiji [35]. Gradients
in image grayscale and noise were reduced by several filtering steps
such as anisotropic diffusion filtering [36,37]. The filtered images
were segmented using a region growing algorithm [38], which gives
better results for three phase materials compared to threshold based
segmentation. A volume of size 𝐿𝑥 ×𝐿𝑦 ×𝐿𝑧 = 15 μm×15 μm×9.2 μm is
reconstructed for the studies herein which is shown in Fig. 1(a). This
microstructure serves as initial condition for the simulations.

2.3. Multiphase field model

2.3.1. Model equations
A multiphase field model is employed to model the coarsening of

nickel. The model is derived from a grand potential functional accord
ing to Choudhury and Nestler [39] and a recent extension is utilized to
delineate surface self diffusion of nickel [25]. The model is formulated
by means of the grand potential functional 𝛹 (in J), which depends
on the order parameters 𝝓 = {𝜙𝛼 , 𝜙𝛽 ,… , 𝜙𝑁} (dimensionless) and the
volumetric chemical potentials 𝝁 = {𝜇1, 𝜇2,… , 𝜇𝐾−1} (in Jm−3), and is
written as

𝛹 (𝝓,𝛁𝝓,𝝁) = ∫𝑉
1
𝜖
𝑤(𝝓) + 𝜖𝑎(𝛁𝝓) + 𝜓(𝝓,𝝁) d𝑉 . (1)

Here, 𝑤(𝝓) (in Jm−2) and 𝑎(𝛁𝝓) (in J∕m4) are the potential and gradient
terms following the notation of [40] which are responsible for the



Fig. 1. Overview over the methods used in the current work. Initial FIB-SEM measured anode structure (a), total and active triple-phase boundary for an exemplary geometry
with a highlighted inactive segment (b), Nyquist plot of the calculated impedance spectra (cf. Eq. (14)) exemplarily for structure 𝜃 = 104° at 𝑡 = 0 h and 𝑡 = 1127 h (c), tortuosities
for cylindrical geometries with varying neck diameters and corresponding electric streamlines inside the nickel phase (d).
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stabilization of the interfacial profile of finite thickness and introduce
interfacial energy into the model. The parameter 𝜖 (a length in m)
controls the thickness of the sinusoidal interface profile 𝛿 = 𝜖𝜋2∕4. The
gradient term is chosen according to [41] as

𝑎(𝛁𝝓) = −
𝑁,𝑁
∑

𝛼,𝛽=1
𝛼<𝛽

𝛾𝛼𝛽𝛁𝜙𝛼 ⋅ 𝛁𝜙𝛽 (2)

where 𝛾𝛼𝛽 is the interfacial energy in Jm−2 between phases 𝛼 and 𝛽. An
obstacle type potential is utilized which reads

𝑤(𝝓) =
⎧

⎪

⎨

⎪

⎩

16
𝜋2

∑𝑁,𝑁
𝛼,𝛽=1
𝛼<𝛽

𝛾𝛼𝛽𝜙𝛼𝜙𝛽 , 𝝓 ∈ 

∞, 𝝓 ∉  .
(3)

The Gibbs simplex

 =

{ 𝑁
∑

𝛼=1
𝜙𝛼 = 1 ∶ {𝜙𝛼 ≥ 0, ∀ 𝛼 ∈ {1,… , 𝑁}}

}

(4)

guarantees that the order parameters are bound between zero and
unity. The grand potential density

𝜓(𝝓,𝝁) =
𝑁
∑

𝛼=1
𝜓𝛼(𝝁)ℎ𝛼(𝝓) (5)

comprises of phase inherent terms

𝜓𝛼(𝝁) = 𝑓 𝛼(𝒄𝛼(𝝁)) −
𝐾−1
∑

𝑖=1
𝜇𝑖𝑐

𝛼
𝑖 (𝝁),∀ 𝛼 ∈ {1,… , 𝑁} (6)

and contributes bulk free energies 𝑓 𝛼 to the functional. These de
pend on the phase inherent compositions 𝒄𝛼 = {𝑐𝛼1 , 𝑐

𝛼
2 ,… , 𝑐𝛼𝐾−1}. The

interpolation function ℎ𝛼 satisfies the constraint
𝑁
∑

ℎ𝛼(𝝓) = 1 . (7)

𝛼=1

E

n the current manuscript, ℎ𝛼(𝝓) = 𝜙𝛼 is chosen. A quasi equilibrium is
ssumed locally, such that at any position in space

𝑖 =
𝜕𝑓 𝛼(𝒄𝛼)
𝜕𝑐𝛼𝑖

=
𝜕𝑓 𝛽 (𝒄𝛽 )
𝜕𝑐𝛽𝑖

= ⋯ =
𝜕𝑓𝑁 (𝒄𝑁 )
𝜕𝑐𝑁𝑖

(8)

is satisfied for all 𝑖 ∈ {1,… , 𝐾 − 1}.
The evolution equation of the order parameters is according to [41]

written as

𝜖
𝜕𝜙𝛼(𝒙, 𝑡)

𝜕𝑡
= 1
�̃�

𝑁
∑

𝛽=1
𝛽≠𝛼

𝑚𝛼𝛽

(

𝛿𝛹
𝛿𝜙𝛽

− 𝛿𝛹
𝛿𝜙𝛼

)

(9)

where �̃� denotes the local number of phases, 𝑚𝛼𝛽 (units of m4∕J∕s)
stands for the mobility of the interface between phases 𝛼 and 𝛽 and
𝛿∕(𝛿𝜙𝛼) is the partial functional derivative with respect to 𝜙𝛼 . Nickel
and YSZ are treated as pure solids of nearly fixed compositions by in
troducing free energies of the form 𝑓 𝛼(𝒄𝛼(𝝁)) =

∑𝐾−1
𝑖=1 𝑓 𝛼𝑖 (𝜇𝑖), where the

individual contributions are assumed as simple parabolas, i.e. 𝑓 𝛼𝑖 (𝜇𝑖) =
𝐴𝑖(𝑐𝛼𝑖 (𝜇𝑖) − 𝑐𝛼𝑖,eq)

2, 𝑖 ∈ {Ni,YSZ}. Here, the prefactor 𝐴𝑖 represents the
trength of immiscibility and is taken sufficiently high to allow for
olume conservation of each of the phases. We neglect any subgrain
tructure, i.e. all phenomena corresponding to the existence of grain
oundaries such as grain boundary migration and diffusion. The im
lied limitations are discussed in Section 4.1 and in part II of the
ork.

We model the porous Ni YSZ system by a set of two dimensionless
omposition variables 𝒄 ≡ {𝑐Ni, 𝑐YSZ} (mole fractions), i.e. 𝐾 = 3. The
omposition of the porous phase is then just 𝑐Pore = 1 −

∑𝐾−1
𝑖=1 𝑐𝑖 =

−𝑐YSZ−𝑐Ni. The dimensionless composition fields 𝑐𝑖 =
∑𝑁
𝛼=1 ℎ𝛼𝑐

𝑎
𝑖 (mole

ractions) are conservative and accordingly evolve as
𝜕𝑐𝑖(𝒙, 𝑡)
𝜕𝑡

= −𝛁 ⋅ 𝒋𝑖, (10)

where 𝒋𝑖 represents the flux of the species 𝑖 in units of ms−1. Based on
q. (10) and the quasi equilibrium condition Eq. (8), the evolution of
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the 𝑖th chemical potential is written in Einstein notation as

𝜕𝜇𝑖(𝒙, 𝑡)
𝜕𝑡

=

[ 𝑁
∑

𝛼=1
ℎ𝛼(𝝓)

𝜕𝑐𝛼𝑗 (𝝁)

𝜕𝜇𝑖

]−1

[

𝜕𝑐𝑗 (𝒙, 𝑡)
𝜕𝑡

−
𝑁
∑

𝛼=1
𝑐𝛼𝑗 (𝝁)

𝜕ℎ𝛼(𝝓(𝒙, 𝑡))
𝜕𝑡

]

.

(11)

The mobilities for the diffusion of the species, which govern the evo
lution of the system are so chosen to neglect diffusion of the ceramic
phase 𝒋YSZ = 𝟎 while we assume surface diffusion to be the dominant
mass transfer mechanism for nickel in the typical operating tempera
ture range of the SOFC. Therefore, the flux density of nickel is written
as

𝒋Ni = − 32
𝜋2𝜖

𝑀NiPore
Ni 𝜙Ni𝜙Pore𝛁𝜇Ni . (12)

he mobility 𝑀NiPore
Ni (units of m6∕J∕s) controls the diffusion of nickel

long the tangential direction of the free nickel surface and is related
o the surface self diffusivity 𝐷𝑠 by an Einstein like relation (cf. [25,
q. (99)]), that reads

NiPore
Ni =

𝐷𝑠𝛿𝑠𝑉𝑚(𝛥𝑐Ni−Pore
Ni,𝑒𝑞 )2

𝑅𝑇
. (13)

Here 𝛿𝑠 is the atomistic thickness of the nickel surface (in the order of
0.1 nm), 𝑉𝑚 the molar volume of nickel, 𝑅 and 𝑇 the ideal gas constant
and temperature, respectively. For instance, Maiya and Blakely [42]
assumed 𝛿𝑠 = 𝑎0∕

√

ℎ2 + 𝑘2 + 𝑙2, with the lattice parameter for nickel
0 = 0.352 nm and Miller indices {ℎ𝑘𝑙}, which results in 𝛿𝑠 = 0.352 nm

and 𝛿𝑠 = 0.249 nm for the {100} and {110} surfaces, respectively. As the
alue of the intrinsic interface diffusivity 𝐷𝑠 alone is unimportant and

only the product with the interface thickness enters the equation above,
we denote the quantity 𝐷𝑠,ex ≡ 𝐷𝑠𝛿𝑠 (which has dimensions m3 s−1)
as the excess surface diffusivity of nickel, which removes the need to
assume a somewhat arbitrary interface thickness 𝛿𝑠. The model specific
composition difference 𝛥𝑐Ni−Pore

Ni,𝑒𝑞 is defined as 𝛥𝑐Ni−Pore
Ni,𝑒𝑞 ≡ 𝑐Ni

Ni,eq −
𝑐Ni
Pore,eq = 0.8.

During the simulation, the domain boundaries are treated as isolat
ing (i.e. 𝒋𝑖 ⋅ 𝒏 = 0∀ 𝑖, 𝒙 ∈ 𝑑𝑉 ) and perpendicular contact is assumed for
each of the particles (𝛁𝜙𝛼 ⋅ 𝒏 = 0∀ 𝛼, 𝒙 ∈ 𝑑𝑉 ).

For the current document, a SIMD vectorized solver is utilized, the
implementation is detailed in [43, Sec. 4.2]. For the validation of the
model, the interested reader is referred to [25]. In the current setup,
which relies on 𝒋YSZ = 𝟎, the YSZ composition remains fixed, while
he order parameter 𝜙YSZ might still evolve according to its evolution
quation. This helps avoiding any unwanted pinning effects and allows
reating the YSZ phase without a separate diffuse wetting boundary
ondtion, as e.g. presented in [44]. Nevertheless, an initialization step
s required to maintain a sufficiently diffuse and sinusoidal interface
rofile at the YSZ surface, which is performed herein analogously
o [45] by removing the curvature term in the evolution equation
nd in the absence of any chemical driving force. The initialization
tep is terminated when the interface profile shows only negligible
hanges. Thereafter, no special treatment is required. To see that the
urrent approach is capable of reproducing Young’s law on a substrate,
validation study is presented in Appendix.

.3.2. Parameterization of the model
The parameterization of the model is presented in Table 1. Note

hat, for the sake of convenience, the model parameters are specified
ith respect to a model specific unit system. Accordingly, 𝑢𝑙, 𝑢𝐸 and

𝑢𝑡 denote length, energy and time units of the model, respectively.
The length unit 𝑢𝑙 is affixed by taking into account the resolution
of the initial microstructure (𝛥𝑥), whereas energy and time units can
be related by including interfacial energy 𝛾NiPore, diffusivity 𝐷𝑠 and
emperature 𝑇 (see Eq. (13)), respectively.

To affix 𝑀NiPore
Ni , it is assumed, following the results presented
n [46], that diffusion along the slow {100} surface orientation is
he limiting factor. Therefore, the average of the four datapoints
n [46, Fig. 8] near {100} yield an excess surface diffusivity of 𝐷𝑠,ex =
3.75 × 10−22 m3 s−1 at 𝑇 = 750 °C. The surface energy of nickel 𝛾NiPore
is chosen according to Haremski et al. [47, Section 4.4] at 750 °C. For
a variation in the wetting angle 𝜃 (cf. Appendix), only the difference
of 𝛾NiYSZ and 𝛾PoreYSZ is relevant. Therefore, without loss of generality,
𝛾PoreYSZ was assigned identical value as 𝛾NiPore and the wetting angle is
controlled by modifying 𝛾NiYSZ.

The selection strategy for the considered wetting angles is as fol
lows. Firstly, the difference in wetting angles between the simulations
should be significant to permit clear trends in the simulation results
such that the observed differences can reasonably be attributed to the
variations in wetting angle. Secondly, the full range of possible wetting
conditions is covered, including wetting (𝜃 < 90°) and dewetting condi
tions (𝜃 > 90°), as well as the intermediate case 𝜃 = 90°. The maximum
angle studied is 𝜃 = 104° which is within the range of observed wetting
angles of roughly 100 to 160◦ in [31] and hence is considered the
most realistic scenario. While the studied angles smaller than 100°
may not be achievable in experiment, we think that the current study
provides interesting evidence whether anode sided degradation can be
minimized by means of an improved wetting. Studying the practical
feasibility of such steps towards a better wetting of nickel on YSZ is
not the scope of the current manuscript.

The mobilities 𝑚𝛼𝛽 are so chosen to be small enough to operate in
the surface diffusion controlled limit (cf. [25, Eq. (99) ff.]) and thus
are not the governing rate constants. The minimas of the parabolic free
energy are chosen such that 𝑐𝛼𝑖,eq is small if the corresponding phase 𝛼
does not correspond to the component 𝑖, and large otherwise. The re
spective values 0.1 and 0.9 are not entirely meaningful, the importance
lies in keeping sufficiently distinct values in order to allow a separation
into e.g. Ni rich and poor phases. Lowering the difference between the
two values requires higher values of 𝐴𝑖 in order to maintain the same
level of volume preservation, and vice versa.

2.4. Transmission line model

Microstructure properties can be correlated to electrochemical be
havior using a transmission line model (TLM) approach as illustrated
in [30]. In nickel YSZ fuel electrodes the electrochemical oxidation of
hydrogen takes place at the TPB where all transport paths converge:
(i) electronic conduction in the nickel phase, (ii) ionic conduction
in the YSZ phase and (iii) gas diffusion in the pores. Gas diffusion
losses as well as losses of the electronic path through the nickel are
neglected due to the small layer thickness of 10 μm to 15 μm and the
high conductivity of nickel compared to YSZ (𝜎el,Ni > 105×𝜎ion,YSZ). This
leads to a simplified TLM which considers microstrucure based ionic
losses through the YSZ within the fuel electrode as well as a charge
transfer resistance at the TPB

𝑍TLM(𝜔) =
√

𝜁 (𝜔)𝜒1 coth
(

𝑙
√

𝜒1
𝜁 (𝜔)

)

(14)

with charge transfer reaction 𝜁 , layer thickness 𝑙 and ionic transport
resistance

𝜒1 =
1

𝐴act 𝜎ion,eff
(15)

based on active electrode area 𝐴act = 1 cm2 and effective ionic conduc
tivity

𝜎ion,eff =
𝑋YSZ
𝜏YSZ

⋅ 𝜎ion (16)

considering the three dimensional microstructure of the ionic phase
expressed in YSZ material fraction 𝑋YSZ and tortuosity 𝜏YSZ. Due to
an initial YSZ phase transformation from cubic to tetragonal initiated
during reduction, the ionic conductivity at an operation temperature
of 750 °C is 𝜎ion = 2.84 Sm−1 [48,49]. The charge transfer reaction

𝜁 can be modeled with an RQ element with time constant of the
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Table 1
Parameter set for the modeling of Ni-YSZ anode. The model units are expressed as 𝑢𝑙 = 25 nm, 𝑢𝐸 = 1.43 × 10−15 J, 𝑢𝑡 = 9.2 × 10−2 s.

Parameter Symbol Value (model units) Value (physical units)

Diffusion coefficient Ni-surface 𝑀NiPore
Ni 0.1 𝑢6𝑙 ∕(𝑢𝐸𝑢𝑡) 1.86 × 10−31 m6∕J∕s

Interfacial energy Ni-Pore 𝛾NiPore 1.0 𝑢𝐸∕𝑢2𝑙 2.29 Jm−2

Interfacial energy Ni-YSZ 𝛾NiYSZ 0.75…1.25 𝑢𝐸∕𝑢2𝑙 1.71…2.87 Jm−2

Interfacial energy Pore-YSZ 𝛾PoreYSZ 1.0 𝑢𝐸∕𝑢2𝑙 2.29 Jm−2

Interface mobility Ni-Pore 𝑚NiPore 0.1 𝑢4𝑙 ∕(𝑢𝐸𝑢𝑡) 2.97 × 10−16 m4∕J∕s

Interface mobility Ni-YSZ 𝑚NiYSZ 1.0 𝑢4𝑙 ∕(𝑢𝐸𝑢𝑡) 2.97 × 10−15 m4∕J∕s

Interface mobility Pore-YSZ 𝑚PoreYSZ 1.0 𝑢4𝑙 ∕(𝑢𝐸𝑢𝑡) 2.97 × 10−15 m4∕J∕s

Interface width parameter 𝜖 2.0 𝑢𝑙 50 nm

Voxel-size 𝛥𝑥 = 𝛥𝑦 = 𝛥𝑧 1.0 𝑢𝑙 25 nm

Thermodynamic prefactor Nickel 𝐴Ni 5 𝑢𝐸∕𝑢3𝑙 4.58 × 108 J∕m3

Thermodynamic prefactor YSZ 𝐴YSZ 50 𝑢𝐸∕𝑢3𝑙 4.58 × 109 J∕m3

Equil.-comp. Ni-Ni 𝑐Ni
Ni,eq 0.9 90mol%

Equil.-comp. Ni-YSZ 𝑐YSZ
Ni,eq 0.1 10mol%

Equil.-comp. Ni-Pore 𝑐Pore
Ni,eq 0.1 10mol%

Equil.-comp. YSZ-Ni 𝑐Ni
YSZ,eq 0.1 10mol%

Equil.-comp. YSZ-YSZ 𝑐YSZ
YSZ,eq 0.9 90mol%

Equil.-comp. YSZ-Pore 𝑐Pore
YSZ,eq 0.1 10mol%
e
c

a
±
d
a
t
c
𝒋
b
t
t
i
t
i
𝐼

𝜏

f
l
a
T
i
𝒏
f
d
H
b
o
i
b
I

𝜏

charge transfer τCT, charge transfer resistance 𝑅CT, imaginary number
𝑗, angular frequency 𝜔 and homogeneity exponent 𝑛 (0 ≤ 𝑛 ≤ 1):

𝜁 (𝜔) =
𝑅CT

1 + (𝑗𝜔τCT)𝑛
. (17)

he charge transfer resistance 𝑅CT is influenced by the active triple
hase boundary length, 𝑙ATPB, 𝐴act and the line specific resistance of
he charge transfer LSRCT which was calculated as 158.14Ωm (5.5%
2O in H2, 𝑇 = 750 °C) [50,51]:

CT =
LSRCT

𝑙ATPB 𝐴act
(18)

The time constant of the charge transfer is given by

τCT = 𝑅CT𝐶 (19)

with the capacitance

𝐶 = 𝐴act
(

LSCCT 𝑙ATPB + ASCDL 𝐴Ni-YSZ
)

(20)

including line specific capacitance of the charge transfer LSCCT and
rea specific capacitance of the double layer ASCDL according to [51].
he contact area between nickel and YSZ, 𝐴Ni-YSZ, was initially cal
ulated from reconstructed electrode volume obtained by FIB SEM.
ime dependent values are simulated in the multiphase field model.

The parameters needed to calculate the complex impedance spec
rum of the Ni YSZ anode are summarized in Table 2. The Nyquist dia
ram (cf. Fig. 1(c)) shows the negative imaginary part of the impedance
pectrum plotted against its real part. Here 𝑍′

TLM ≡ Re(𝑍TLM)𝐴act and
′′
TLM ≡ Im(𝑍TLM)𝐴act denote the specific real and imaginary part of

he anode impedance, respectively.
The polarization resistance, 𝑅pol, which represents the losses in the

i YSZ anode can be determined by calculating the 𝑥 axis interval
etween the low and high frequency intersections of the impedance
urve with the real axis, i.e.

pol = 𝑍′
TLM(0) − lim

𝜔→∞
𝑍′

TLM(𝜔) . (21)

he example in Fig. 1(c) shows that the aging of the anode during
peration leads to an increase in polarization resistance of 65% from
.14Ω cm2 to 0.23Ω cm2.

.5. Effective microstructural parameters

.5.1. Tortuosity
The tortuosity 𝜏𝛼 of a phase 𝛼 is a dimensionless parameter related
o its geometry and gives a measure for the specific resistance under
lectrostatic conditions [52]. It is inversely related to the effective
onductivity of the phase (see Eq. (16)). The electric potential 𝑃 (units

of V) satisfies the Laplace equation ∇2𝑃 = 0 under electrostatics and
for an isotropic electric conductivity 𝜎 (units of Sm−1). Therefore,
the problem reduces to solve for the Laplace equation under certain
boundary conditions. To drive electron conduction, Dirichlet boundary
conditions 𝑃 (𝒙 ∈ 𝑑𝑉−) = 0V and 𝑃 (𝒙 ∈ 𝑑𝑉+) = 1V are applied
t two opposing flat boundaries 𝑑𝑉± with outward normals 𝒏± =
𝒏+ = ±𝒆𝑥. Here 𝒆𝑥 is the Cartesian base vector in one of the sample
irections, such that the location of the boundaries can be written
s 𝒙 ⋅ 𝒆𝑥 = 0 ∀𝒙 ∈ 𝑑𝑉− and 𝒙 ⋅ 𝒆𝑥 = 𝐿𝑥 ∀𝒙 ∈ 𝑑𝑉+, where 𝐿𝑥 is
he size of the sample in direction 𝑥. Additionally, no flux boundary
onditions are imposed on the current density 𝒋el ≡ −𝜎𝛁𝑃 . Therefore,
el ⋅ 𝒏𝛼 = 0 ∀𝒙 ∈ 𝑑𝑉𝛼 ⧵ (𝑑𝑉− ∪ 𝑑𝑉+) where 𝑑𝑉𝛼 denotes the surface
ounding the 𝛼 phase with normal 𝒏𝛼 , which corresponds to treating
he interfaces and non Dirichlet boundaries as isolating. Finally, the
otal magnitude of the electric current is computed as the surface
ntegral, 𝐼 = 𝜎 ∫𝑑𝑉+ 𝛁𝑃 ⋅ 𝒏+𝑑𝐴, or alternatively due to the divergence
heorem 𝐼 = 𝜎 ∫𝑑𝑉− 𝛁𝑃 ⋅𝒏+𝑑𝐴. The tortuosity 𝜏𝛼,𝑥 of a phase 𝛼, measured
n direction 𝑥, is defined as the ratio of a hypothetical ideal current
ideal,𝛼 = (𝜎𝑉 𝑋𝛼𝛥𝑃 )∕𝐿2

𝑥 and the actual current, i.e.

𝛼,𝑥 ≡
𝐼ideal,𝛼
𝐼

=
𝜎𝑉 𝑋𝛼𝛥𝑃
𝐿2
𝑥 𝐼

. (22)

The incoporation of the ideal current ensures that the tortuosity is scale
invariant. Here, 𝑉 is the total volume, 𝛥𝑃 ≡ 𝑃 (𝒙 ∈ 𝑑𝑉+) − 𝑃 (𝒙 ∈
𝑑𝑉−) = 1V is the imposed voltage difference, 𝑋𝛼 is the total volume
raction of phase 𝛼. The value of the electrical conductivity 𝜎 enters
inearly both in the numerator as well as in the denominator of Eq. (22)
nd is hence unimportant. Thus, 𝜏𝛼 is a purely geometrical property.
he ideal current can be understood to correspond to a structure with

dentical volume fraction 𝑋𝛼 but only transport pathways parallel to
+. Since the ideal current is the maximum possible, one gets 𝜏𝛼 ≥ 1
or arbitrary microstructures. The resulting tortuosities for simple cylin
rical geometries with varying neck diameter are shown in Fig. 1(d).
ere, increasing tortuosity values reflect that the electron transport
ecomes less effective as the neck diameter decreases. The magnitude
f the current density |𝒋el| and streamlines (lines parallel to 𝛁𝑃 ), shown
n the bottom row of Fig. 1(d), can be used to highlight locations of
ottlenecks along the tortuos electron pathways in the microstructure.
n the current work, mean tortuosities

≡ 1 (

𝜏 + 𝜏 + 𝜏
)

(23)
𝛼 3 𝛼,𝑥 𝛼,𝑦 𝛼,𝑧
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Table 2
Parameter set used to calculate the impedance 𝑍TLM (cf. Eq. (14)) of the Ni-YSZ anode via transmission-line model
(temperature: 𝑇 = 750 °C, fuel gas: 5.5% H2O in H2).

Parameter Symbol Value Reference

Line specific resistance of charge transfer LSRct 158.14Ωm [50,51]
Line specific capacitance of the charge transfer LSCCT 5.99 × 10−6 Fm−1 [51]
Area specific capacitance of the double layer ASCDL 2.53 Fm−2 [51]
Ionic conductivity YSZ 𝜎ion 2.84 Sm−1 [48,49]
Active electrode area 𝐴act 1 cm2 –
Layer thickness 𝑙 10 μm –
YSZ material fraction 𝑋YSZ 0.323 –
YSZ tortuosity 𝜏YSZ 2.7 –
Triple-phase boundary length 𝑙ATPB cf. Fig. 5
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and corresponding standard deviations

𝛥𝜏𝛼 ≡
√

1
3

∑

𝑖∈{𝑥,𝑦,𝑧}

(

𝜏𝛼,𝑖 − 𝜏𝛼
)2 (24)

are utilized for the anode structures to quantify the effect of structural
anisotropy.

2.5.2. Triple phase boundary length
The triple phase boundary is calculated by means of a skeletoniza

tion algorithm [53]. In a first step, the set of voxels simultaneously
belonging to the vicinity of all three phases are marked. In the next
step, the thickness of these several voxel thick tubes is reduced by
skeletonization to a thickness of a single voxel from which an undi
rected graph is constructed by connecting neighboring voxels. In a
last step, the resulting network is smoothed to minimize the effect of
the discretization. This method, which readily provides connectivity
information, allows to highlight individual segments of the TPB with
different colors, as in Fig. 1(b). In the current work, TPB segments are
considered as inactive once they lack a connection to one of the domain
boundaries through at least one of the three phases. The TPB without
the inactive segments is called active TPB (ATPB).

2.5.3. Continuous particle size distribution
To quantify the particle size during the coarsening of nickel, con

tinuous particle size distributions according to Münch and Holzer [54]
are utilized. This method is particularly useful for porous networks,
as it elegantly avoids an artificial segmentation into particles. The
method has been successfully applied to experimental measurements of
SOFC anode materials [55]. The continuous particle size distribution
corresponds to the relative volume of a certain phase that can be
filled with overlapping spheres of a certain diameter. As the diameter
increases, this relative amount decreases since sharp features in the
microstructure cannot be swept with large spheres. The continuous
particle distribution goes from unity to zero in a monotonous fashion
and hence corresponds to a complementary cumulative distribution.
The mean particle size 𝑑50 is obtained from the point where this distri
bution assumes a value of 0.5, and thus may be more strictly interpreted
as the median particle size. In addition to the cumulative PSD, we
will frequently show plots of the PSD density, which is derived as the
negative slope of the continuous PSD. In the current work the density is
calculated from the cumulative distribution by finite differences which
leads to a histogram dataset.

2.5.4. Specific areas
Specific areas 𝐴𝛼 are calculated for each phase by integrating the

magnitude of its order parameter, i.e.

𝐴𝛼 = 1
𝑉 ∫𝑉

|𝛁𝜙𝛼|𝑑𝑉 . (25)

Therefrom, the areas 𝐴𝛼-𝛽 of the individual interfaces between phases
and 𝛽 are derived by solving the following system of linear equations

𝐴Ni = 𝐴Ni-Pore + 𝐴Ni-YSZ (26)

𝐴YSZ = 𝐴Ni-YSZ + 𝐴Pore-YSZ (27)
Pore = 𝐴Ni-Pore + 𝐴Pore-YSZ . (28) f
. Simulation results

.1. Microstructural properties

.1.1. Evolution at 𝜃 = 104°
The evolution of the FIB SEM reconstructed anode microstructure

is shown exemplarily for a wetting angle of 𝜃 = 104◦ in Fig. 2 .
t can be seen that the nickel particles become smooth and partially
gglomerate during the simulation. On the contrary, during the whole
rocedure, the YSZ network remains invariant, as desired. In some
reas, exemplarily highlighted by a black frame in Fig. 2, further nickel
rowth is prohibited by the dense YSZ network which encapsulates
ome of the fine metallic particles. At late times, the growth of large
articles inside large cavities is dominant (highlighted by a red frame
nside Fig. 2), while most of the small particles have already reached
n almost temporally invariant shape (e.g. black frame).

To quantitatively investigate the nickel coarsening, continuous par
icle size distributions are shown in Fig. 3 for different times. Initially,
he microstructure comprises of particles ranging roughly from 0.4 μm
o 1.2 μm in diameter, while the cumulative distribution shows an
lmost symmetrical sigmoid shape. In the course of the evolution,
he distribution shifts towards larger particle sizes. At later times, the
hift of the distribution increases much slowly with time, while the
ail of the distribution develops in a more pronounced fashion, which
orresponds to the growth of large particles. Consequently, the final
istribution after a total of 1127 h, is relatively asymmetric in relation
o the initial one. From the distributions, the evolution of the mean
article diameter 𝑑50 is derived and shown in Fig. 4. Here, it is observed
hat the coarsening of nickel, starting from a mean diameter of about
50 = 0.77 μm predominantly occurs in the early time and considerably
lows down at a later time, where a diameter of 𝑑50 = 0.98 μm is
pproached in the final state. The accelerated growth in early time is
enerally consistent with experimental findings (cf. an overview in [55,
ig. 16] containing data from [56 58]).

.1.2. Influence of the wetting angle
To investigate the influence of the wetting angle, two additional

imulations with a different choice of the interfacial energies 𝛾𝛼𝛽 have
een performed. The characteristic microstructural properties of the
hree simulations at varying wetting angles are summarized in Table 3
or annealing times of 100 h and 1000 h.

PSD densities in the final state are shown in Fig. 5(a) where it is
ound that larger wetting angles favor large (> 1.5 μm) nickel particles
n expense of small (< 1 μm) particles. Moreover, the smaller the wet
ing angle, the larger the skewness of the respective final distributions.
s shown in Fig. 5(b), it is observed that the evolution of the mean
article diameter is strongly influenced by the wetting angle, while
maller wetting angles lead to significantly reduced increase in particle
ize. However, all three cases show a similar qualitative behavior
f coarsening, i.e. an accelerated growth at early time. Pronounced
uantitative differences can be observed between the three cases, which
orrespond to final particle diameters of 0.98 μm, 0.89 μm and 0.79 μm

or decreasing wetting angles, respectively. This shows, that the wetting
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Fig. 2. Two-dimensional cross-section view of the three-dimensional microstructure (𝜃 = 104°) as it evolves during the simulation. Red and black frames highlight the evolution
of a large particle and fine nickel arrangements, respectively. Shaded regions illustrate nickel and YSZ particles out of the cross-sectional plane while the pore phase is rendered
transparently. The transport direction corresponds to the 𝑧-direction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
Fig. 3. Continuous particle size distribution of the nickel phase at different times
during simulated annealing at 750 °C.

Fig. 4. Nickel particle diameter in the course of the MPF simulation.

ngle sensitively controls the material behavior and that a wetting
ngle of 76° is sufficient to nearly suppress net nickel growth.

Fig. 5(c) shows the evolution of the nickel tortuosity for varying
etting angles. One might argue that the electron transport is not the

eaction rate limiting process and hence unimportant, but the large
ortuosities indicate a high likelihood to face the formation of nickel
slands and hence can be considered as a stability indicator for the
peration of the anode material. It is observed that for the case of high
Table 3
Characteristic microstructural properties of three simulations with varying wetting
angles.
𝜃 𝑡 𝜏Ni 𝜏Pore 𝜏YSZ 𝑑50 𝑙TPB∕𝑙ATPB 𝐴Ni Pore 𝐴Ni YSZ 𝐴Pore YSZ
(°) (h) (–) (–) (–) (μm) (μm−2) (μm−1) (μm−1) (μm−1)

76 0 21 3.6 2.7 0.77 3.6/2.4 0.72 0.72 1.3
76 100 12 4.0 2.7 0.78 2.2/1.6 0.39 0.93 1.1
76 1000 11 4.3 2.7 0.79 1.9/1.4 0.33 0.96 1.1

90 0 21 3.6 2.7 0.77 3.6/2.4 0.72 0.72 1.3
90 100 21 3.6 2.7 0.87 2.2/1.5 0.38 0.82 1.2
90 1000 19 3.5 2.7 0.89 1.9/1.2 0.32 0.83 1.2

104 0 21 3.6 2.7 0.77 3.6/2.4 0.72 0.72 1.3
104 100 34 3.5 2.7 0.94 2.2/1.3 0.39 0.72 1.3
104 1000 39 3.4 2.7 0.98 1.9/1.1 0.31 0.72 1.3

wetting angle, the initial Ni tortuosity of about 𝜏Ni = 21 increases signif
icantly with time and assumes a final value of about 𝜏Ni = 39. It is noted
that the initial microstructure is already suffering from an inefficient
electron conduction, as the tortuosity is relatively high (𝜏Ni ≫ 1). The
increase in tortuosity corresponds to a further and significant reduction
in the effective conductivity (cf. Eq. (16)). The increase in tortuosity
is most pronounced in early time, consistent with the behavior of the
mean nickel diameter, but shows various discontinuities which are
absent in the particle diameter curve. For the intermediate wetting
angle, the tortuosity remains relatively constant with time but similarly
shows a non smooth behavior which is however less pronounced. For
very low wetting angle, the initially high tortuosity value drops down
relatively smoothly to a value of about 𝜏Ni = 11 in the final state.
Therefore, the wetting angle largely influences the long term electron
conduction as well.

To investigate the reaction site distribution, the 𝑙TPB evolution is
shown in Fig. 5(d). Interestingly, it is found that the 𝑙TPB evolution
is almost fully independent of the wetting angle. The 𝑙TPB, initially of
about 3.6 μm−2 decays initially relatively quickly, while at late times a
value of approximately 1.9 μm−2 is approached. The overall reduction
in TPBL is therefore about 54 percent. In Fig. 5(e), the evolution of
the active part of the triple phase boundary is shown. It is found that
higher wetting angles lead to a lower value of 𝑙ATPB, which is caused
by a higher fraction of isolated particles. The 𝑙ATPB curve also features
certain discontinuities which are more pronounced for large wetting
angles. Similar as for the nickel tortuosity (Fig. 5(c)), although different
in shape, the magnitude of the discontinuities apparently increases
with increasing wetting angles. It has to be mentioned, that since it
resides on a pure topological property, the detection of nickel islands
is discrete in nature explaining the different shapes and locations of the
discontinuities in Fig. 5(c) and (e). In this regard, please also consider
the limitations of the finite sample size, as discussed in Section 4.3. It
is deduced, that a good wetting of nickel on the YSZ substrate helps
keeping the particles connected and therefore increases the number
of available reaction sites, although the 𝑙TPB seems not to be directly
influenced by the wetting condition.
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Fig. 5. Time evolution of microstructural properties in the MPF simulation for different wetting angles: Particle-size distribution of nickel (a), mean nickel diameter (b), tortuosity
of nickel (c), total and active TPBL (d–e) and derived polarization resistance (f).
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3.2. Polarization resistance

In this subsection, the polarization resistance of the transmission
line model (Eq. (21)) is discussed. For the current choice of 𝑍TLM, one
gets lim𝜔→∞ 𝜁 (𝜔) = 0 and in turn the coth term in Eq. (14) tends to 1

hile the prefactor tends to 0 and hence lim𝜔→∞𝑍′
TLM(𝜔) = 0. There

ore, Eq. (21) simplifies to 𝑅pol = 𝑍′
TLM(0). During the simulations, the

olume fraction and tortuosity of YSZ remains constant and hence 𝜒1
emains time independent. Therefore, the variation of 𝑅pol with time is
olely due to a change in the triple phase boundary length 𝑙ATPB.

The evolution of the polarization resistance is shown in Fig. 5(f) for
variation in wetting angle. The observed resistances are in the range
.14 − 0.26Ω cm2. All simulations show a clear increase in polarization
esistance with time. This corresponds to a pronounced degradation
f the anode material. The curves show a clear inverse correlation
etween 𝑙ATPB and 𝑅pol which is in line with recent experimental
indings [31, Fig. 5]. The highest polarization resistance is observed for
he highest wetting angle (𝜃 = 104°). The total increase of polarization
esistance relative to the unannealed sample increases with wetting
ngle from +38% (𝜃 = 76◦) over +49% (𝜃 = 90°) to +60% (𝜃 = 104°).
herefore, a good wetting on YSZ clearly improves the electrochemical
erformance.

. Discussion

.1. Additional mass transfer mechanisms

Regarding the temporal power law 𝑡1∕4 under which surface diffu
ion governed phenomena develop, it is clear that coarsening of the
ickel particles has to slow down as time progresses. This is due to the
act, that an arbitrarily shaped particle at doubled size requires a factor
f 24 = 16 more time to undergo the identical relative morphological
hange. A consequence of this is that the small particles in the system
btain a local equilibrium shape (a surface of constant mean curvature)
elatively quickly, while the coarsening of large particles proceeds at
rders of magnitude larger timescales. This likely explains the high
oarsening rates observed in the simulation at early times.

Moreover, once all particles have reached such a quasi equilibrium

tate, the current model will not allow any further coarsening in the s
ystem. However, in the real system it may on the contrary be that
dditional transfer mechanisms contribute significantly at late times,
ven though they can be neglected at early time. This is emphasized
onsidering the long operating times of SOFC devices of several ten
housands of hours. Therefore, while surface diffusion is likely the
ominant mass transfer mechanism in the initial period of operation,
dditional mass transfer mechanisms may contribute to further degra
ation, eventually causing the failure of the anode at late times. Mullins
59] discussed the role of evaporation condensation in comparison to
urface diffusion in one of his seminal papers, as follows: Evidently
urface diffusion is initially dominant when 𝑡 is small, but becomes of less
elative importance as the groove develops [at late times] and concluded
hat a change in the atmospheric conditions towards a less inert vapor
nd higher temperatures are in the favor of evaporation. Similar argu
ents (It is easy to see from the time laws [of surface and volume diffusion],
hat surface diffusion must dominate the initial [period of time]) apply to
olume diffusion [60].

While the current model can be easily extended for an additional
ontribution of volume diffusion, the action of evaporation
ondensation is not yet included in the model. All these additional
ontributions require experimental measured input parameters at oper
tion conditions and thus a careful calibration. Additionally, a relevant
urdle in this regard is the computational cost associated with the
ong simulation times required to resolve these gradual changes of
icrostructure with time.

Possible additional contributions to the transport of nickel may
e due to diffusion along the nickel YSZ interface or along the YSZ
urface. These contributions are currently neglected due to the lack
f experimental data. Please also note that based on results presented
n [61], the contribution of the anode sided degradation to the total
ecrease in 𝑅pol at operating times of several ten thousand hours might
ecome less relevant.

.2. Review of the transmission line model

The currently applied transmission line model is derived assuming
homogeneous distribution of each phase within the microstructure.
owever, the current study showed that this is not always the case
ince the anode consists of large pores that may lead to agglomeration
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f large nickel clusters. Thus, the condition that the size of structural
eatures is much smaller than the layer thickness is not always fulfilled.
his may in part limit the applicability of the herein utilized TLM. For a
ore realistic treatment of anodes with local variations in composition

r multilayer structures, a more advanced impedance model as pro
osed by Dierickx et al. [62] may be a suitable choice. An alternative
s to calculate the full three dimensional distribution of ionic potential
ollowing Häffelin et al. [63]. Nevertheless, both approaches increase
he level of complexity. We think that the current treatment can be
onsidered as a first estimate for the anode performance, although
t may not capture all of the details required to predict the real life
ehavior.

.3. Limited sample size

There are certain limitations associated with the limited size of
he reconstructed volume used for the simulations. The initially high
ickel tortuosities indicate that there are only few transport pathways
vailable for the electron transport in the sample. This makes the
uantity sensitive to slight microstructural changes. For the sample
ubject to dewetting conditions (𝜃 = 104°), this tortuosity increased
ignificantly and in a discontinuous fashion (Fig. 5(c)). The discon
inuity of the active TPBL is even more pronounced (Fig. 5(e)). To
nderstand the corresponding reason, nickel islands and the active TPB
re shown in Fig. 6 for times shortly before a distinct drop in 𝑙ATPB

(Fig. 6(a), 𝑡 = 314 h), at an intermediate state (Fig. 6(b), 𝑡 = 585 h),
s well as shortly after the reverse jump (Fig. 6(c), 𝑡 = 856 h). It can
e seen, that a significant portion of nickel becomes isolated at the
arly event and reconnects at later time. The figure illustrates that
ocal microstructural events may have long range effects. These effects
ccur because some nickel particles are sized comparable to the anode
ayer thickness and thus may be related to the peculiarity of the herein
tudied microstructure. On the macroscopic scale of cell area in the
rder of cm2 (1 cm2 is roughly a million times our sample area), we
hink that such effects are not measurable in terms of the polarization
esistance as distinct jumps of significant magnitude but likely appear
n the form of noise. Therefore, the local variations observed here need
o be considered statistically for a macroscopic sample. The sample
f the current work unfortunately does only provide limited statistical
ata in this regard.

. Conclusions

In the current manuscript, nickel coarsening of FIB SEM recon
tructed Ni YSZ SOFC anodes is simulated with a multiphase field
odel under operating conditions of 750 °C for more than 1000 h. The

nfluence of the wettability of nickel on YSZ is discussed in detail.
hereby, a large number of different microstructural properties are
alculated, including nickel diameter and particle size distributions,
ortuosities and triple phase boundary lengths, as well as specific in

erfacial areas. The microstructural properties from the phase field T
imulations are used as an input for an established transmission line
odel (TLM) to estimate the performance of the anode as it evolves
ith time. Overall, the observed coarsening occurs quickly in the first

ew hundred hours and slows down as time progresses, which is in
ualitative agreement with experimental measurements of the same
aterial from literature. The simulations show that a low wetting of
ickel is responsible for accelerated coarsening. This enhanced coarsen
ng leads to the breakup of nickel particles and consequently to locally
solated anode regions which do not contribute to the electrochemical
erformance of the anode. The triple phase boundary length 𝑙TPB is
nsusceptible to a change in the wetting conditions. However, the active
PBL can be largely reduced at low wettability of nickel on YSZ.
he additional application of the TLM revealed that an increase in
olarization resistance is closely linked to the observed decrease of
riple phase boundary lengths. Therefore, a significant degradation of
he anode material is predicted by the multiphase field model among all
he different sets of parameters. Disregarding isolated nickel particles
eveals an increased polarization resistance which is most pronounced
n case of a low wettability of nickel.
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Fig. A.7. Schematical depiction of a nickel particle (gray) in equilibrium with the YSZ
ubstrate (horizontal line).

Table A.4
Comparison of analytical and simulational droplets for 𝜖∕𝛥𝑥 = 2.
𝛾NiYSZ 𝜃 2ℎ∕𝑤 2ℎ∕𝑤 𝛥𝜃
(𝑢𝐸∕𝑢2𝑙 ) (°) analytical sim (°)

0.5 60 0.5774 0.6165 3.3
0.75 75.52 0.7746 0.8148 2.8
1.0 90 1 1.068 3.8
1.25 104.5 1.291 1.410 4.8
1.5 120 1.732 1.770 1.1

through bwHPC. The authors gratefully acknowledge funding by the
German Federal Ministry for Economic Affairs and Energy in the project
KerSOLife100 (BMWi, funding nrs. 03ET6101A F) and by the German
Federal Ministry of Education and Research in the project WirLeben
SOFC (BMBF, funding nr. 03SF0622D). The current work was addition
ally funded by the Initiative and Networking Fund of the Helmholtz
Association (project TwinSOC, nr. DB001840).

Appendix. Wetting angles

In the current model, the contact angles at the YSZ surface are tuned
indirectly via the interfacial energies 𝛾𝛼𝛽 . According to Young’s law, the
ontact angle 𝜃 is given in terms of the interfacial energies by

= arccos
(

𝛾PoreYSZ − 𝛾NiYSZ
𝛾NiPore

)

. (A.1)

An equilibrium is achieved when the surface flux vanishes, which
corresponds to a constant chemical potential and hence curvature of
the surface. In two dimensions this corresponds to a spherical droplet,
as depicted in Fig. A.7. The same method for validating wetting angles
has been applied in our recent work [44] in the context of multiphase
flow, but is recalled here to keep the document self contained. The
aspect ratio ℎ∕𝑤 of the droplet is related to the angle 𝜃 by means of
the equation
2ℎ
𝑤

= tan 𝜃
2
, (A.2)

which is found by trigonometry and the area of the droplet is equally

𝐴 = 𝑟2 (𝜃 − sin 𝜃 cos 𝜃) . (A.3)

In order to validate the model, two dimensional simulations of an
initially rectangular nickel particle, attached to a flat YSZ substrate are
performed. The simulation is run for a sufficient long time such that
only negligible changes are observed at late times, which corresponds
to an equilibrated system.

The resulting droplet geometries are shown in addition to the the
oretical shapes in Fig. A.8, by taking into account Eqs. (A.2) and (A.3)
for a variety of different theoretical angles by means of varying 𝛾NiYSZ
values. The results show a good agreement with the analytical solution.
A quantitative comparison for the current resolution 𝜖∕𝛥𝑥 = 2 can be
found in Table A.4, where the error 𝛥𝜃 = 2 arctan (2ℎ∕𝑤)−𝜃 is tabulated
for different choices of 𝛾NiYSZ by taking 𝜃 according to Eq. (A.1). The
accuracy of a few degree can be improved by an increased resolution
of the interface, as shown in Table A.5 for a ratio of 𝜖∕𝛥𝑥 = 4.
Fig. A.8. Comparison of simulational (solid) and theoretical (dashed) equilibrium
droplet shapes for a resolution of 𝜖∕𝛥𝑥 = 2.

Table A.5
Comparison of analytical and simulational droplets for 𝜖∕𝛥𝑥 = 4.
𝛾NiYSZ 𝜃 2ℎ∕𝑤 2ℎ∕𝑤 𝛥𝜃
(𝑢𝐸∕𝑢2𝑙 ) (°) analytical sim (°)

0.5 60 0.5774 0.5852 0.68
0.75 75.52 0.7746 0.7820 0.53
1.0 90 1 1.001 0.073
1.25 104.5 1.291 1.296 0.24
1.5 120 1.732 1.709 −0.67
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