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 Integrated model: a phase-ﬁeld model and an electrochemical cell one are linked.
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In solid oxide fuel cells (SOFCs), Ni coarsening in porous anodes that are comprised of Ni and yttria
stabilized zirconia (YSZ) leads to changes in several microstructural attributes, which affect the electrochemical performance. Herein we present an integrated modeling approach, where a dynamic
mesoscale phase ﬁeld model is linked with a stationary macroscale electrochemical cell level model in
order to assess the role of Ni coarsening on the performance of SOFCs. The phase ﬁeld model is capable of
capturing the morphological evolution of Ni and accounting for its polycrystalline nature, while the
electrochemical model encompasses the entire set of processes of gas transport, electronic and ionic
conduction as well as the electrochemical reactions. Microstructural features are extracted from the
phase ﬁeld model as anode systems evolve over time and employed as effective properties in the
electrochemical model. Simulation results highlight the importance of Ni and YSZ particle size and ratio
on both the microstructural stability and electrochemical performance of SOFCs. In particular, it is shown
that, for the classes of microstructures employed in this work, coarsening of Ni particles can either
improve or diminish the maximum power density relative to the as-sintered ones, depending on the
initial particle size.
 2013 Elsevier B.V. All rights reserved.
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Solid oxide fuel cells (SOFCs) are regarded as alternative devices
for cleaner and more efﬁcient energy conversion [1e3]. With the
advantages of high efﬁciency of 60%e80% [4,5] and reduced carbon
emissions [6], SOFCs are being developed for various stationary and
auxiliary commercial power applications with a desired lifetime of
40,000 h or more [7]. In conventional SOFCs, which operate at
temperatures in the range 800e950  C [8,9], a thin ﬁlm of yttriastabilized zirconia (YSZ) is utilized as the oxygen ion conducting
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ceramic membrane. A porous composite of lanthanum strontium
manganate (LSM) and YSZ is typically used for the cathode and a
state-of-the-art anode is a porous NieYSZ composite [10].
In SOFCs, oxygen is electrochemically reduced at the cathode,
from which the oxygen ions subsequently diffuse through the
electrolyte and react with the oxidized fuel at the anode. The anode
in turn is a porous, complex three phase material, within which all
phases (pore, conducting metal, and ceramic oxide) percolate. The
contiguity of the pore phase ensures effective transport of the fuel
to the catalytic sites, while contiguous metallic and ceramic oxide
phases serve as conduits of the charges (electrons and oxygen ions)
involved in the electrochemical reactions taking place in the vicinity of three-phase boundaries (TPBs), which constitute the
electrochemically active regions [11]. The anode must maintain a
stable microstructure over extended periods of time at elevated
temperatures, as well as high electron and ion conductivity and
catalytic activity.
Electrochemical performance degradation in SOFC cermet anodes is usually attributed to several phenomena and processes at
the microstructural level, such as poisoning by fuel impurities,
coking, thermal and redox cycling [11e16], as well as microstructural coarsening processes associated with Ni particles in Ni-based
cermet anodes [9,17,18]. Coarsening is a competitive growth process, which leads to a reduction in the total interfacial energy.
Spatial variations in the mean interface curvature induce diffusional ﬂuxes, which transfer material from regions of high mean
curvature to ones associated with lower mean curvature. In the case
of isotropic interfacial energies, coarsening leads to a reduction in
the total interfacial area [19,20].
Indeed, Ni coarsening in SOFC anodes has been the subject of
several experimental investigations in recent years [11,21e24].
These studies have revealed that performance degradation can be
directly linked to changes in several microstructural features
associated with coarsening processes, such as extent of TPBs, total
interfacial areas, and contiguity of anode phases. In particular, the
density of TPB lines, which is often employed as a simple metric to
predict electrochemical performance, is found to decrease due to Ni
coarsening [23]. Simwonis et al. [21] studied NieYSZ composite
anodes under operating environments and observed a decrease in
the electrical conductivity due to Ni coarsening. Moreover, Ni phase
coarsening is found to affect phase contiguity [25]. A recent study
by Cronin et al. [26] revealed that Ni coarsening affects several
microstructural attributes, such as pore percolation, and total pore
and Ni-pore interfacial areas.
While the aforementioned experimental studies have provided
important insights to the evolution of anode microstructures in
operating environments, they do not examine the effects of interrelated physical phenomena on coarsening rates. Computational
models on the other hand are ideally suited for exploring the
various hypothesized mechanisms that control microstructural
evolution processes in SOFC anodes. Existing computational studies
of Ni coarsening in SOFC anodes include two-particle systems [27],
phase ﬁeld models [28,29], and multi-scale frameworks [30]. Our
approach builds on and signiﬁcantly extends these previous
computational studies by incorporating the coupling between
microstructural evolution and electrochemical performance while
accounting for the polycrystalline nature of the Ni phase.
In this work, we focus, in a parametric study, on the role of
anode microstructure, characterized by Ni particle size and Ni to
YSZ particle size ratio, on the topological evolution of SOFC anodes
and its impact on electrochemical performance. More speciﬁcally,
we present an integrated modeling approach to examine the
impact of Ni phase coarsening in NieYSZ porous anodes on the
performance of SOFC cells. In this approach, several representative
anode microstructures with tunable features (such as phase

volume fractions and particle sizes) are ﬁrst generated “virtually”.
Next, a mesoscale diffuse-interface model, which is capable of
capturing NieYSZ interaction, and accounting for the polycrystalline nature of Ni, is employed to quantitatively investigate
the coarsening of Ni phase particles in said microstructures. Then,
morphological features are extracted from the phase ﬁeld model as
the anode systems evolve over time and employed as effective
input parameters to a recently developed macroscale cell level
model to quantitatively evaluate the time-dependent electrochemical performance [31]. Here, we note that while the electrochemical model itself is time-independent, its input parameters,
which represent effective properties that depend on the anode
microstructure, are evolving in time and tracked via the phase ﬁeld
model.
Starting from a binary mixture of numerically sintered Ni and
YSZ particles, our simulation results conclusively demonstrate that
the overall TPB length decreases monotonically during coarsening.
Furthermore, the reduction in the overall TPB length obeys a simple
scaling law in time. In addition, the contiguity of the Ni phase,
which also monotonically decreases during coarsening, displays an
interesting size effect, such that systems with initially small Ni
particles lose contiguity faster. Finally, the overall electrochemical
performance can display a non-monotonic time-dependence during coarsening, and even improve over time. For initially coarse
microstructures, the electrochemical performance is dominated by
the electrochemical reactions taking place in the vicinity of TPBs,
the length of which decreases monotonically. For initially ﬁne microstructures, on the other hand, electrochemical performance is
dominated by gaseous transport processes through the pore phase,
leading to an increase in the maximum power density over time as
the average pore size increases due to coarsening.
More broadly speaking, simulation results highlight the
importance of initial anode microstructure on the stability and
performance of SOFC anodes. Our modeling approach can be used
as a design tool to identify combinations of morphological parameters, such as Ni and YSZ particle size and ratio that yield
porous anode systems with optimal microstructural stability and
electrochemical performance characteristics.
The rest of the manuscript is organized as follows. In Section 2
we ﬁrst outline both the continuum modeling framework and the
cell level approach to evaluate the electrochemical performance
based on microstructural parameters. Then, in Section 3 we
describe how the initial microstructures are generated and characterized. Quantitative results from coarsening studies and their
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Fig. 1. A block diagram illustrating the integrated modeling approach that is used to
examine the role of Ni coarsening in NieYSZ porous anodes on the electrochemical
performance of SOFCs. The arrow outlined in blue represents the feedback from the
electrochemical model to the input microstructures, which in turn closes the design
iteration loop. This step is not implemented in the work presented here. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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implications to electrochemical performance are in turn discussed
in Section 4. Finally, concluding remarks are presented in Section 5.
2. An integrated modeling approach
Our computational approach links a mesoscale phase ﬁeld
model for Ni coarsening in NieYSZ porous anodes to a macroscale
cell level model, which evaluates the electrochemical performance
of SOFCs. The aforementioned models are implemented as follows.
First, the phase ﬁeld model is used to track the evolution of several
microstructural features as “virtual” anode systems evolve over
time. Next, these features are extracted from the phase ﬁeld model
and used as inputs to the cell level model in order to evaluate the
electrochemical performance of these systems. A block diagram
illustrating our modeling approach is shown in Fig. 1.
Below, we ﬁrst describe the salient features of the phase ﬁeld
formalism employed in our coarsening studies. Then, an overview
of the cell level approach to predict the electrochemical performance, for a given microstructure, is provided. Finally, the numerical generation and microstructure characterization of “virtual”
anode systems are described.
2.1. The phase ﬁeld formalism
The challenge in microstructural evolution studies resides in
accurately capturing the complex topological changes (such as
merging of two or more particles or the disappearance of one) that
take place during the coarsening process. The so-called phase ﬁeld
approach, which has already been employed in studies of SOFC
microstructures by other groups [28e30], elegantly incorporates
such topological changes in a numerically convenient manner as
discussed next.
The starting point of our phase-ﬁeld model is the introduction of
order parameters for the phases in porous NieYSZ anodes. Additional structural order parameters are also introduced to represent
the polycrystalline nature of the Ni phase and account for interfacial energies associated with Ni grain boundaries (GBs). Next, a total
free energy F tot that describes the state of the anode system is
constructed in terms of the order parameters and the dynamics of
the system follow from the minimization of F tot. Consistent with
experimental observations [22,26], a static, or non-evolving, order
parameter q(x) is assigned to the YSZ phase, reﬂecting its microstructural stability. In contrast, the evolution of the Ni phase is
tracked with the aid of an order parameter c(x,t) in combination
with structural order parameters {hi(x,t), i ¼ 1,., nh} that describe
the shape and crystallographic orientation of the Ni grains. Here, nh
is the number of structural order parameters needed to resolve the
texture of the Ni phase. The order parameters are chosen such that
(a) in the YSZ phase (q,c) ¼ (1,1), (b) in the Ni phase (q,c) ¼ (0, þ1),
and (c) in the pore space (q,c) ¼ (0,1). Furthermore, q(x) ˛ (0,1)
and c(x,t) ˛ (1,1) deﬁne YSZ and Ni interfaces, respectively. For the
structural order parameters, the equilibrium values are chosen such
that within non-Ni phases (YSZ and pore): {hi ¼ 0, i ¼ 1,., nh} and
within a Ni grain {hi ¼ 1, hjsi ¼ 0, i,j ¼ 1,.,nh}. As is shown in Fig. 2,
order parameters take on a constant value within the bulk phases
and vary rapidly-but-smoothly across interfaces.
As in standard GinzburgeLandau formalism and motivated by
the work of Wang [32] on solid-state sintering, the following total
chemical free energy is employed for an SOFC anode system:

Z
F tot ½c; q; fhi g ¼

"
dx fbulk þ

#
nh
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þ
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Fig. 2. A schematic illustrating the order parameters used in the phase ﬁeld model. q
and c parameters are for the YSZ and Ni phases, respectively. hm and hn are structural
order parameters for Ni grains m and n, respectively.

where w and ki are so-called gradient energy coefﬁcients employed
to tune the Ni surface and grain boundary energies. The ﬁrst term on
the right hand side (fbulk) is a fourth-order Landau polynomial that
deﬁnes the homogeneous bulk free energy associated with the Ni
phase and multiple Ni grains. In particular, fbulk is constructed such
that the equilibrium values for the order parameters, i.e. vfbulk/
vc ¼ vfbulk/vhi ¼ 0, are (c ¼ 1, hi ¼ 0, i ¼ 1,., nh) within non-Ni
phases and (c ¼ þ1, hi ¼ þ1, hjsi ¼ 0, i,j ¼ 1,., nh) within a Ni
grain. A convenient form for fbulk that satisﬁes these requirements is

(
nh
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X
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 2ð3  cÞ
;
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(2)
where mH and AH are parameters we employ to tune the interfacial
energies and interface widths. In this work, it is assumed that GB
interfaces are isotropic, yielding ki ¼ k. The last term (fwett) on the
right hand side of Eq. (1) accounts for the interaction between the
Ni and YSZ phases, and the resulting wetting angle at triple junctions. In this work, fwett is written as

 2


 
fwett ðc; qÞ ¼ x1 cVq þ x2 q c  c3 =3 ;

(3)

where x1 and x2 are model parameters employed to tune the
equilibrium NieYSZ wetting angle, experimentally observed to be
a117 [33].
With the proposed total chemical free energy functional in Eq.
(1) and following the treatment of Cahn and Hilliard [34], the
interfacial energies and widths can be evaluated analytically. In
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
particular, we obtain the Ni surface energy gs x4w 2mH =3
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
þk AH =3 and interfacial width ds w2w= 2mH , while Ni GB energy
pﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
gGB x2k AH =3 and its width dGB wk= AH . Therefore, the phase
ﬁeld model parameters w, mH, AH and k are uniquely determined
from the Ni phase interfacial and GB energies and widths.
Within the GinzburgeLandau formalism and with the aid of
variational derivatives, the governing equations for the evolution of
c(x,t) and {hi(x,t), i ¼ 1,., nh} for (x,t) ˛ V  [0,T] 3 R3R, where V
is the domain volume and T is the ﬁnal time, can be stated
respectively as
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dF tot
vc
¼ V$ MV
;
dc
vt

(4a)

dF tot
vhi
¼ Li
; i ¼ 1; 2; /; nh ;
dhi
vt

(4b)

where M denotes the Ni phase mobility function and Li is a kinetic
parameter associated with Ni GB mobility, where under the isotropy assumption of GB interfaces, Li ¼ L. At SOFC operating temperatures, Ni bulk self diffusion w1016 m2 s1 [35], whereas Ni
surface self diffusion DNi w 1011 m2 s1 [36]. We also note that the
Zr4þ surface diffusion coefﬁcient in YSZ is w1018 m2 s1 [37],
justifying the assumption that YSZ particles do not signiﬁcantly
evolve during Ni coarsening. Since Ni diffusivity along YSZ interfaces is not well characterized, it is assumed that the coarsening
of Ni in NieYSZ cermet anodes is dominated by Ni surface diffusion
along Ni-pore interfaces. In this work, Ni phase mobility has the
general form M ¼ MNiQ(c,Vc,q,Vq), where MNi is the Ni phase atomic
mobility, and the detailed form of the dimensionless function Q is
given below in Eq. (7).
The spatio-temporal evolution equations for c(x,t) and hi(x,t) are
made non-dimensional by introducing non-dimensional spatial
coordinates ~
x ¼ x=do and time ~t ¼ t=s, where do and s denote the
characteristic length (voxel edge length) and time scales, respectively. For convenience, we also introduce the non-dimensional
~ ¼ A d2 =ðd2 EÞ,
~ 2 ¼ m =ð2EÞ, m
~ ¼ m d2 =ðd2 EÞ, A
quantities w
H

H

H o

s

H

H o

s

~x ¼ x =ðEd2 Þ, and ~x ¼ x d2 =ðEd2 Þ, where E is a reference energy
1
1
2
2 o
s
s
density. Ni mobility can be written as MNi ¼ DNi =ðvm=vcÞceq ¼

DNi =ðv2 fbulk =vc2 Þceq . Therefore, the characteristic time s can be
expressed as

s¼



mH d4o v2 fbulk =vc2

ceq

2
EDNi ds

x

~ 2 d4o
16w
2
DNi ds

:

(5)

For the systems we examine in this work, where do w 60 nm,
ds w 1 nm, and DNi w 1011 m2 s1, the resulting characteristic time
s w 40 s. As for the governing equations for the non-conserved
2
parameters, we introduce the non-dimensional ~L ¼ sLEd =d2
GB

2

2

~2 d2
~Lk
o

s

2
2
~
L~
k DNi ds
x
;
2 2
~ do
16w

(6)

where Eq. (5) has been employed in the last step.
The resulting non-dimensional spatio-temporal evolution
equations for c(x,t) and hi(x,t) have the same form as the original
ones. For the remainder of this paper, we drop the tildes on all
parameters for notational convenience. Finally, the form that is
used for the Ni phase mobility

h




2
2
1:0  tanh jVqj =h1 tanh jVb
c j =h2
ii

2
;
þ M tanh jVqj =h1

Due to the coarsening of the Ni phase, the microstructure in the
reactive anode layer evolves with time. In order to systematically
capture the effects of these microstructural changes on the electrochemical performance of the SOFC system, we employ a numerical cell level model encompassing the entire set of processes of
gas transport, electronic and ionic conduction as well as the electrochemical reactions. For completeness, a brief overview of the
approach is provided next; the reader is referred to Ref. [31] for a
more detailed exposition of the framework.
The model geometry consists of a porous anode support and
reactive layer, a dense electrolyte layer, and porous cathode reactive
and current collector layers as illustrated in Fig. 3. In this work, we
only consider the effects of the temporal microstructural changes
associated with Ni coarsening in the reactive anode interlayer,
while the effective properties of all other layers, i.e., anode support,
dense electrolyte and cathode remain constant over time.
In our approach, we extract representative 3D anode microstructures from the phase-ﬁeld model at regular time intervals, and
compute the effective microstructural parameters that characterize
the electrochemical performance of the reactive anode layer. These
effective properties are then transferred into the stationary onedimensional cell level model and serve as input parameters for
computing the electrochemical performance. This approach yields
temporal snapshots of the electrochemical performance, which
enables us to quantitatively examine the role Ni phase coarsening
on the evolution of electrochemical performance of SOFCs.
Now, the equations for mass transport and migration of electrons and oxygen ions in the reactive anode layer take the form of
Poisson equations:

Lreact ian
;
2F

(8)



¼ Lreact ian ;
V  seff
Ni VFNi

(9)

VNa Rpore ; aN ¼



¼ Lreact ian ;
V  seff
YSZ VFYSZ

(10)

o

and ~
k ¼ k2 =ðEdGB Þ. GB mobility MGB and energy gGB are related to
the model parameters through

Lk2 ¼ MGB gGB ¼

2.2. A cell level model for the electrochemical performance of SOFC
systems

where Na denotes the rate of mass transport for gas species a and is
a function of the average pore radius, Rpore, and the pore tortuosity
factor, aN. Further, Lreact is the reactive TPB length, ian the local
Faradaic current density, and F the Faradaic constant. The diffusive
gas transport is modeled using the dusty-gas approach [38], which
accounts for both molecular and Knudsen diffusion, and detailed
expressions used for Na(Rpore,aN) can be found in Ref. [31]. Ohm’s
law describes the transport of electrons and ions, where seff
Ni is the
effective electronic conductivity of the Ni phase, seff
YSZ the effective

M ¼ MNi

(7)

where b
c ¼ tanhðc=h3 Þ. The model parameters h1, h2 and h3 are
employed to tune the range of c and q values that contribute to the
mobility function, while M* deﬁnes a mobility contribution for Ni
diffusing along YSZ-pore interfaces. In this work, it is assumed that
diffusion along Ni-pore interfaces is the dominant mass transport
mechanism.

Fig. 3. A schematic illustration of an anode supported SOFC cell that is used for the
analysis in this work.
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Table 1
Parameters used in the 1D cell model for the functional layers: anode support (AS), reactive anode interlayer (AN), reactive cathode interlayer (CA) and cathode current
collector (CC). Note that effective properties of the reactive anode interlayer that evolve due to Ni coarsening are designated “evolving” in this table.
Parameter

AS

AN

CA

CC

Ref.

L [mm]
p0 [Pa]
(fNi, fYSZ)

1000
101,300
(0.26, 0.26)
0.48
1.0
(1.0, 1.62)

20
101,300
(0.30, 0.45)
0.25

20
101,300
(0.38, 0.38)
0.24
0.5
(0.5, 0.29)
5.72  1012
2.2
0.059
0.059
0.5

50
101,300
(0.55, 0.0)
0.45
1.0
(1.0, 1.45)

[39,56]
[17]
[39]
[39]

32.00  103
28.01  103

32.00  103
28.01  103

(106.7, 71.4)

(106.7, 71.4)

(3.467, 3.798)

(3.467, 3.798)

130  103

130  103

228.0  103
236.4  103

228.0  103
236.4  103

fpore

RYSZ [mm]
(RNi, Rpore)[mm]
Lreact [mm3]

aN
seff
Ni
seff
YSZ
bf, br

0.5
2.016  103
18.02  103

Evolving
Evolving
Evolving
Evolving
0.059
0.5
2.016  103
18.02  103

(59.7, 809.1)

(59.7, 809.1)

1.65
0.033

MH2 [mol1 kg]
MH2 O [mol1 kg]
MO2 [mol1 kg]
MN2 [mol1 kg]
(xH2 , xH2 O ) [K]
(xO2 , xN2 ) [K]
(GH2 , GH2 O ) [
A]
(GO2 , GN2 ) [
A]
1
EH2 [J mol ]
EO2 [J mol1]
GH2 [J mol1]
GH2 O [J mol1]
GO2 [J mol1]
GO2 [J mol1]

(2.827, 2.641)
120  10

3

1.71
0.214
0.5

(2.827, 2.641)
120  103

147.1  103
454.9  103

147.1  103
454.9  103

236.4  103

236.4  103

ionic conductivity of the YSZ phase, FNi the electric potential in the
Ni phase and FYSZ the ionic potential in the YSZ phase. The charge
transfer rate correlated with the hydrogen oxidation reaction taking place in the reactive anode layer is described by a Butlere
Volmer equation as






2F
2F
zan  exp  br zan ;
ian ¼ i0an ðGan Þ exp bf
RT
RT

(11)

where bf and br are the forward and reverse charge transfer coefﬁcients, R is the universal gas constant, T is the temperature and
zan is the anodic overpotential. For a detailed expression of the
anodic reference exchange current density, i0an ðGan Þ, where the
parameter Gan is a ﬁtting constant in our model, the reader is
referred to Ref. [31]. Likewise, we describe all physical processes of
gas transport, electron and ion migration and electrochemical
redox reactions in the remaining layers: electron transport and
diffusion of hydrogen and water vapor in the anode support layer,
oxygen ion transport through the dense electrolyte layer, the oxygen reduction reaction and ion transport in the reactive cathode
layer as well as the transport of electrons and the diffusion of oxygen and nitrogen (atmospheric air) through the cathode current
collector and reactive cathode layer.
Our model [31] is parameterized based on experimental results
reported by Zhao and Virkar [39], who consider a laboratory anodesupported SOFC button cell. Their cell is operating at a constant
Table 2
Properties of virtual SOFC anode systems considered in this study. The as-prepared
anode active layer is idealized as a binary mixture of electron and ion conducting
spherical particles with radii RNi and RYSZ, respectively. For all cases, the volume
fractions of Ni (fNi), YSZ (fYSZ) and pore (fpore) phases are 30  2%, 45  2%, 25  2%,
respectively.
System name

RNi/RYSZ

Number of
Ni particles

Number of
YSZ particles

R1
R1.5
R2
R2.5

1.00
0.67
0.50
0.40

60
206
503
1010

90
92
95
97

[39,56]

[57]

[58,59]
[58,59]
[58,59]
[58,59]
[60]
[60]
[61]
[61]
[61]
[61]

temperature of Tref ¼ 1073 K with hydrogen and H2O vapor partial
pressures at the anode support inlet of pH2 ¼ 0:97p0;an and
pH2 O ¼ p0;an  pH2 , and oxygen and nitrogen partial pressures at
the cathode current collector inlet of pO2 ¼ 0:21p0;ca and
pN2 ¼ p0;ca  pO2 (atmospheric air) at a uniform total gas pressure
of p0,an ¼ p0,ca ¼ 101.3 kPa. As schematically illustrated in Fig. 3, the
cell consists of an anode support layer of dimensions Las ¼ 1000 mm,
a reactive anode interlayer (Lan ¼ 20 mm), a dense electrolyte layer
(Llyte ¼ 8 mm), a reactive cathode interlayer (Lca ¼ 20 mm) and a
current collector (Lcc ¼ 50 mm). These dimensions and the model
parameters of all layers are chosen to correspond to the experimental values published by Zhao and Virkar [39], and summarized
in Table 1. The bulk conductivities of Ni, YSZ and LSM at
Tref ¼ 1073 K are taken from the literature [40] as
sNi,0 ¼ 3.03  104 U1 m1, sYSZ,0 ¼ 2.26 U1 m1 and
sLSM,0 ¼ 1.28  104 U1 m1, and the ﬁtting constants of the model
are determined as Gan ¼ 4  104 A m1 and
Gca ¼ 3.75  104 A m1 by using a best-ﬁtting approach. Assuming
a steady state operating condition for the fuel cell, i.e., treating gas
ﬂow as well as electronic and ionic currents as time-independent,
the model is numerically solved using the commercial ﬁniteelement software COMSOL Multiphysics 3.5a, with cell level
boundary conditions as described in Ref. [31].
3. SOFC electrodes
3.1. Numerical generation of SOFC electrode microstructures
Virtual random packing systems of spherical particles are utilized
in the integrated modeling approach for the microstructural evolution of SOFC anodes and its impact on the electrochemical performance. SOFC electrodes (anode and cathode) are idealized as binary
mixtures of electron and ion conducting particles. The inﬂuence of the
local anode microstructure characterized by the Ni to YSZ particle size
ratio on the coarsening of Ni and the subsequent electrochemical
performance is investigated. Here it is assumed that cathode does not
undergo any evolution processes that inﬂuence its microstructure.
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Fig. 4. Perspective views of the virtual, as-prepared anode microstructures. Ni and YSZ particles are represented in orange and blue, respectively. (a) R1 system: RNi ¼ RYSZ (b) R1.5
system: RNi ¼ 0.67RYSZ (c) R2 system: RNi ¼ 0.5RYSZ (d) R2.5 system: RNi ¼ 0.4RYSZ. In all systems, the volume fractions of Ni (fNi), YSZ (fYSZ) and pore (fpore) are 30%, 45%, 25%,
respectively, with 2% added to all fractions. Note that the YSZ particle size is ﬁxed in all systems and only the number and size of Ni particles are varied. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

We use the random close packing algorithm of Gan et al. [41,42]
to generate binary mixtures of spherical particles with periodic
boundary conditions. Then, in order to numerically mimic the effect
of sintering and enable the formation of connected particle clusters,
overlap between the particles is generated by expanding the radii
of all spheres uniformly and proportional to the radius while
keeping the center of each sphere at a ﬁxed position, until a desired
densiﬁcation is reached. Four virtual NieYSZ anodes are examined,
denoted R1, R1.5, R2, R2.5, with Ni to YSZ particle radius ratio RNi/
RYSZ ¼ 1.0, 0.67, 0.50 and 0.40, respectively. For all systems studied
in this work, the resulting volume fractions of Ni (fNi), YSZ (fYSZ)
and pore (fpore) phases are 30  2%, 45  2%, 25  2%, respectively,
similar to experimentally characterized NieYSZ based cermet anodes [22,23]. Furthermore, in this parametric study, the size of YSZ
particles is kept constant. For a given SOFC anode system, or a given
RNi/RYSZ ratio, the size and number of Ni particles are varied in order
to attain the target volume fraction. Table 2 lists the Ni to YSZ
particle size ratio and the number of Ni and YSZ particles for each
SOFC anode system used in this work. Perspective views of the R1,
R1.5, R2 and R2.5 systems depicting Ni and YSZ particles and the
resulting virtual anode microstructures are in turn shown in Fig. 4,
where Ni and YSZ particles are colored in orange and blue,
respectively. Finally, to account for sample-to-sample variations,
coarsening simulations on four ensembles for each SOFC anode

system are performed and results are averaged for the use of the
electrochemical performance analysis.
3.2. Microstructural characterization
Several microstructural attributes, whose evolution directly affects the electrochemical performance, are monitored during the
course of Ni phase coarsening in the reactive anode layer. Of special
interest are the effective material properties used in Eqs. (8e10) of
the cell level model: the reactive TPB Lreact, the average pore radius
Rpore, and the pore tortuosity factor aN, as well as the effective
conductivities seff
and seff
YSZ . The ﬁelds c(x,t) and q(x,t) are extracted
Ni
from the phase ﬁeld model at several time steps during the temporal evolution of anode systems, and used to describe the topology
of three-phase anodes.
3.2.1. Percolation and three-phase boundary
We deﬁne the percolation degree PD as the fraction of a phase
that belongs to spatially contiguous clusters, i.e. percolating clusters that span the simulation box from end to end. For example,
PD ¼ 0.5 indicates that 50% of the Ni phase belongs to Ni clusters
that are spatially contiguous. Spatially isolated clusters are identiﬁed using the labeling algorithm developed by Hoshen and
Kopelman [43]. It is worth mentioning here that the YSZ phase in all
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anode systems used in this study is a non-evolving one with a
constant percolation degree w99.5%. Therefore, it is sufﬁcient to
only monitor the temporal evolution of the Ni phase percolation
degree PD.
Junctions in the microstructure of the porous anode, where the
Ni, YSZ and pore phases meet deﬁne the three-phase boundary,
where electrochemical reactions take place. We distinguish between the total TPB, Ltot, which accounts for all junctions where
the three phases meet, and the reactive TPB, Lreact, which only
accounts for the fraction of junctions where the constituents of all
three phases belong to percolated clusters. Using the percolation
information we obtain during the evolution of SOFC anodes, we
determine the length of the reactive TPB, Lreact, by counting voxel
edges where percolated Ni, YSZ and pore voxels meet. The length of
reactive TPB, Lreact, in porous SOFC electrodes represents an
important parameter for the electrochemical performance as it
dictates the overall charge transfer rate of the redox reactions.
3.2.2. Pore space properties
Serving as input parameters for modeling the diffusive gas
transport through the pore network (cf. Eq. (8)), the average pore
radius, Rpore, and the pore tortuosity factor, aN, are extracted from
the voxel discretized electrode microstructures. In order to determine Rpore, we ﬁrst deﬁne the pore phase ﬁeld S(x,t), where S ¼ 1
denotes the pore phase and zero elsewhere. Then, we compute the
two-point correlation function g2(r,t) ¼ h[S(r,t)  hS(r,t)i]
[S(r0 )  hS(r,t)i]i/m, where m ¼ hS2(r,t)i  hS(r,t)i2 is the variance.
The average pore radius Rpore is deﬁned as the full width at half
maximum of g2(r,t) [44].
When considering the diffusion of fuel gas through porous
media, the irregular geometry of the pore space shows a signiﬁcant
effect: gas molecules are forced to follow tortuous pathways
through the pore space, which slows down the rate of diffusional
transport. In the dusty-gas model used, this effect is taken into
account by the pore tortuosity factor, aN. A Lattice-Monte-Carlo
(LMC) method is used to obtain aN from the voxel discretized
electrode microstructures. A large number of so-called tracers
(typically 106) are placed on pore voxels and perform random
walks. During each LMC step, the mean square displacement of all
tracers is monitored. Sufﬁcient LMC steps are reached once the
temporal derivative of the mean square displacement becomes
independent of time, what we typically see after 2  106 LMC steps.
Then, the tortuosity factor is determined by comparing the mean
square displacement that is calculated in the pore space geometry
to the mean square displacement of unbiased tracers in free space.
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h2 ¼ 0.005 and h3 ¼ 0.20, which ensures that transport mechanisms
controlling Ni phase coarsening is dominated by Ni diffusion along
Ni-pore interfaces. Young’s equation relates surface and grain
boundary energies to the dihedral angle at junctions where grain
boundaries meet free surfaces. At SOFC operating temperatures, the
ratio of Ni grain boundary to surface energy gGB/gs ¼ 0.25e0.5 [46],
which yields dihedral angles ranging between 150 andpﬃﬃﬃ165 .
Therefore, in the phase ﬁeld model, we set: k ¼ 3:0; w ¼ 2 and
mH ¼ 1.0 and AH ¼ 1.0, which yields gGB/gs w 0.4. Ni phase grain
boundary mobility MGB is temperature-dependent and can vary by
orders of magnitude depending on the geometrical properties of
the grain boundary and impurity content [47,48]. In this work, the
kinetic coefﬁcient L ¼ 1.0, which corresponds to grain boundary
mobility MGB w 1011 m4 s1 J1 typically found in metals [49,50], is
employed. Finally, the model parameters describing NieYSZ contact angle were set to x1 ¼ 5.0 and x2 ¼ 1.0.
To verify that the model incorporates the appropriate interfacial
energetics, we carried out simulations of neck growth of two
originally spherical Ni particles and wetting properties of a Ni
particle deposited on YSZ. The results are shown in Fig. 5(a) and (b),
respectively. As can be seen in Fig. 5(a), the contact between two Ni
particles at the end of the simulation is characterized by a dihedral
angle x155 . Furthermore, as shown in Fig. 5(b), the observed Nie
YSZ wetting angle is x123 . Both angles are representative of
experimentally observed ones in the NieYSZ SOFC anode system.
Having demonstrated that the model properly incorporates
interfacial energetics, we start our exploration of the model by
examining the virtual SOFC anode systems with various Ni to YSZ
particle size ratios, or RNi/RYSZ. Each virtual SOFC cermet anode is
discretized to produce a simulation box of size 120  120  120
voxels, where the voxel size is Dx ¼ Dy ¼ Dz ¼ 1.0. Periodic
boundary conditions in all three dimensions are used in the phase
ﬁeld simulations. First, we qualitatively investigate the morphological evolution due to Ni coarsening. For the R2.5 anode system,
where RNi ¼ 0.4RYSZ, panels (a)e(c) of Fig. 6 depict the evolution of
Ni phase spatially isolated clusters, where every Ni cluster is
assigned a unique color at (dimensionless) coarsening times 0, 103
and 104, respectively. Initially, a single and highly intertwined
cluster constitutes most of the Ni phase. As the anode system
evolves over time, parts of the Ni skeleton break into smaller
clusters, as can be seen in Fig. 6(b) and (c), which eventually leads
to loss of percolation degree PD. This loss of percolation degree by
fragmentation of large clusters into smaller ones will be discussed
in more detail later in this section.

3.2.3. Electron and oxygen ion migration
As embodied in Eqs. (9) and (10), Ohm’s law describes the
transport of oxygen ions through the YSZ phase as well as the
transport of electrons through the Ni phase, where the effective
conductivities seff
and seff
YSZ are required as input parameters. A fully
Ni
detailed description of our approach for computing the effective
conductivities of the Ni and YSZ phases from the voxel discretized
microstructures can be found in Ref. [45]. This approach is again
based on the Lattice-Monte-Carlo (LMC) method and utilizes
percolation information obtained in the cluster identiﬁcation study.
4. Results and discussion
4.1. Role of Ni coarsening on microstructural features of SOFC
anodes
Parameters of the phase ﬁeld model are chosen such that they
mimic the behavior of real SOFC anodes. First, the parameters of the
mobility function are chosen as MNi ¼ 1.0, M* ¼ 0.01, h1 ¼ 0.01,

Fig. 5. (a) Simulation of the morphological evolution of two Ni grains (orange) where
gGB/gs w 0.4 and the resulting dihedral angle of w155 . The dashed blue line is drawn
to indicate the spatial location of the grain boundary. (b) Simulation of Ni (orange)
interaction with a rigid YSZ (gray) substrate and the resulting wetting angle of w123 .
In both panels, dashed and solid black lines represent initial and equilibrium conﬁgurations, respectively. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Fig. 6. For the R2.5 anode system (RNi ¼ 0.4RYSZ). (a)e(c) Iso-surfaces of spatially isolated Ni clusters with each cluster assigned a unique color at time (a) t ¼ 0 (b) t ¼ 103, and (c)
t ¼ 104. (d)e(f) Temporal evolution of the Ni phase grain morphology, with Ni grain boundaries colored in black. (d) t ¼ 0, (e) t ¼ 103, and (f) t ¼ 104. Note that the static YSZ particles
are omitted from the visualizations for clarity.
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Next, we examine the temporal evolution of the Ni phase
morphology. Panels (d)e(f) of Fig. 6 depicts the temporal evolution
of the grain morphology of the Ni phase for the R2.5 anode system.
Initially, a collection of small spherical particles constitutes the Ni
phase. As the anode system evolves over time, Ni grain growth is
observed, where the average size of grains increases and the
number of Ni grains shrinks. In addition to Ni coarsening, where the
total interfacial energy is minimized, grain growth leads to reduction in the total interfacial energy associated with grain boundaries.
We now turn our attention to several microstructural features
affecting the electrochemical performance. We ﬁrst start by
examining the role of microstructure (Ni to YSZ particle size ratio)
on the evolution of TPB regions. Within the phase ﬁeld framework,
TPB regions are deﬁned as spatial regions where interfaces of all
phase ﬁelds meet and overlap. Therefore, the total number of volume elements (voxels), where the Ni, YSZ, and pore phases meet, is
regarded as a measure of total TPB, or L*tot. Fig. 7(a) is a plot of Ltot
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Fig. 7. Temporal evolution of (a) total TPB Ltot (b) reactive TPB Lreact . In both ﬁgures,
TPB is measured by the voxel count of elements that are spatially located at NieYSZpore interfaces.

for all systems. It can be clearly seen that for a ﬁxed YSZ particle
size, systems with smaller initial Ni particles lead to higher Ltot . A
quantity of critical importance when modeling electrochemical
reactions is reactive TPB, or Lreact , which is deﬁned in this work as
the total number of elements, where percolating Ni clusters meet
the YSZ and pore phases. Fig. 7(b) is a plot of the temporal evolution
of Lreact . At late coarsening times, systems with smaller initial Ni
particles experience a sharper decrease in Lreact . This is due to the
loss of percolation of some Ni clusters, as will be shown later in this
section.
It is worth noting that the TPB data is expressed in nondimensional units in order to allow for the investigation of electrochemical performance of porous anodes with a broad range of Ni
and YSZ particle size and ratio. The results shown in Fig. 7 can be
made dimensional by assigning a value to the characteristic length
scale do, which sets Ni and YSZ particle size along with the characteristic time s. For example, assuming do ¼ 40 nm, which corresponds to s w 35 s, a simulation box of (4.8 mm)3, and YSZ particle
size of 1 mm (RYSZ ¼ 0.5 mm), Table 3 lists reactive TPB density for
two SOFC anode systems, R1 and R2, at the initial conﬁguration and
end of simulation, which corresponds to a (dimensional) coarsening time w100 h. Simulation results for both absolute value and
relative change of reactive TPB density in these systems, Table 3, are
in good agreement with experimental observations, where a factor
of w2 reduction in reactive TPB density was observed [25,26].
Table 3
Assuming a characteristic length scale do ¼ 40 nm, reactive TPB density for two SOFC
anode systems, R1 and R2, with Ni and YSZ particle radii (RNi, RYSZ) ¼ (0.5 mm,
0.5 mm) and (0.25 mm, 0.5 mm), respectively.
RNi [mm]

0.5
0.25

RYSZ [mm]

0.5
0.5

TPB [mm3]

Change [%]

Initial

After w100 h

5.24  1012
5.63  1013

3.04  1012
1.76  1013
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69
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Fig. 8. (a) On a logelog scale, total TPB Ltot vs. coarsening time. (b) The pre-factor
f ¼ f(RNi/RYSZ), where Ltot is assumed to follow: Ltot ¼ f ðRNi =RYSZ Þt r . The dashed
line is drawn for clarity.

Now, a close examination of Fig. 7(a) reveals a self similar
behavior for the temporal evolution of Ltot during Ni coarsening.
Fig. 8(a) is a logelog plot of Ltot vs. time, where Ltot is shown to be
consistent with a power law of the form

Ltot ¼ f  t r ;

(12)

where the exponent r ¼ 0.16  0.02 and f ¼ f(RNi/RYSZ) is a prefactor, which encompasses the effects of anode microstructure.
Fig. 8(b) in turn demonstrates the dependency of the pre-factor f on
the Ni to YSZ particle size ratio RNi/RYSZ, where the dashed line is
drawn as a guide to the eye.
Next, we examine the evolution of pore space during the
microstructural evolution of SOFC anodes. Fig. 9(a) is a plot of the
average pore radius Rpore normalized by the YSZ particle radius
RYSZ, which is constant (YSZ is a non-evolving phase) and the same
in all systems. In all SOFC anode systems, Rpore increases during the
evolution of Ni phase. We also notice that SOFC anode systems
having larger initial Ni particles yield larger pores Rpore. Fig. 9(b) is a
plot of the total pore space interfacial area (with both Ni and YSZ)
Apore normalized by its initial value Apore (t ¼ 0). All SOFC anodes
experience a continuous decrease in pore interfacial area with
systems having smaller initial Ni particles experiencing a larger
drop in pore interfacial area. At the end of coarsening simulations,
the total decrease in pore interfacial area w25%, 40%, 50% and 55%
for R1 (RNi ¼ RYSZ), R1.5 (RNi ¼ 0.67RYSZ), R2 (RNi ¼ 0.5RYSZ) and R2.5
(RNi ¼ 0.4RYSZ) anode systems, respectively. The decrease in total
pore interfacial area is primarily due to the temporal evolution of
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Fig. 9. Temporal evolution of the (a) average pore space radius Rpore normalized by the
YSZ particle size RYSZ and (b) total pore space interfacial area (with both Ni and YSZ)
Apore normalized by the initial one Apore(0). Note that the YSZ phase is a non-evolving
one and its particles have the same size in all systems.
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Ni-pore interfaces. By examining the evolution of pore space, it can
be concluded that the pores are growing in size [Fig. 9(a)], and
evolving into a more equiaxed shapes, or becoming more round,
thus minimizing total interfacial area [Fig. 9(b)]. Our simulation
results for the decrease in total pore interfacial area are in good
agreement with annealing experiments on NieYSZ porous anodes
with Ni and YSZ particles of similar size, where a w25% decrease in
total pore interfacial area was observed [26].
Other effective materials properties are also extracted during
the evolution of SOFC anode systems. Fig. 10(a) displays a plot of the
pore space tortuosity factor aN, which affects gas transport
mechanisms. Initially, anode systems with smaller initial Ni particles are characterized by larger values for the tortuosity factor. A
large aN value indicates highly twisted paths, which can slow down
fuel gas diffusion processes. Ionic/electronic transport mechanisms
are inﬂuenced by changes in effective conductivities during the
microstructural evolution of SOFC anodes. Due to the assumed
static, or non-evolving, nature of the YSZ phase, the effective ionic
conductivity of the YSZ phase seff
YSZ is constant and approximately
the same for all anode systems. Fig. 10(b) in turn quantiﬁes the
temporal evolution of the effective electronic conductivity of the Ni
phase seff
Ni normalized by the intrinsic Ni phase bulk conductivity
so. Initially, systems with smaller Ni particles are characterized by
larger seff
Ni values, but as these systems evolve over time, they
experience the largest drop in seff
.
Ni
Finally, we examine the temporal evolution of Ni phase percolation degree PD. Fig. 11(a) is a plot of Ni phase percolation degree as
a function of coarsening time. It can be clearly seen, that during Ni
coarsening, systems with smaller initial Ni particles experience the
largest drop in Ni phase contiguity, i.e., decrease in percolation
degree. A close examination of the Ni phase grain morphology reveals that the loss of percolation degree may be associated with the
presence of Ni grain boundaries. The two panels in Fig. 11(b) depict
a section of a Ni skeleton in the R2.5 anode system, where the top
panel (early time) shows a connected Ni cluster. In the bottom
panel (late time) of Fig. 11(b), it can be seen that a pinch-off effect
along Ni grain boundaries has caused the cluster to lose contiguity.
In an experimental study by Nelson et al. [25] on SOFC NieYSZ
porous anodes under operating conditions with initial Ni and YSZ
particles of similar size, they observed trends for the percolation
degree that are similar to the ones depicted in Fig. 11(a), where a
continuous decrease in Ni phase contiguity was observed.
In more quantitative terms, the temporal evolution of Ni phase
percolation degree PD can be cast in a functional form as follows:
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Fig. 10. Temporal evolution of (a) pore phase tortuosity factor aN and (b) Ni phase
electron conductivity seff
Ni normalized by the intrinsic Ni bulk conductivity so.
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case of surface diffusion ss wL4d =b, where b is a parameter that encompasses various materials properties such as diffusivity and
surface tension, and Ld is a length scale that characterizes the crosssectional area of the unperturbed cylinder. In addition, we note that
grain boundaries also play an important role in the loss of contiguity [cf. Fig. 11(b)]. In particular, during the late stages of the
pinch-off process, grain boundary grooving takes place [53]. By
extending Mullins’s analysis for a cylindrical bicrystal, it can be
shown that the time to pinch-off displays a simple R4 scaling form,
where R denotes the radius of the unperturbed cylinder. Both of
these simple arguments thus suggest a t* w (RNi/RYSZ)4 scaling form
for the characteristic time scale for loss in percolation degree,
consistent with our numerical simulations.
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4.2. Electrochemical performance
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Fig. 11. (a) Temporal evolution of Ni phase percolation degree PD, which is a measure
of percolating Ni clusters that span the simulation box. (b) For the R2.5 anode system,
two panels; top (early time) and bottom (late time) showing a section of a Ni skeleton.
Circles colored in red show a pinch-off effect at Ni grain boundary regions that leads to
morphological instability. Grain boundaries are colored in black. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

where t* ¼ t * (RNi/RYSZ) denotes a characteristic time scale that
controls the loss of percolation degree, while Gref is a reference
functional form for the percolation degree PD. The self-similar
behavior of Ni phase percolation degree is depicted in Fig. 12(a),
while the dependence of t* on the ratio RNi/RYSZ is in turn depicted
in Fig. 12(b). The data can be reasonably well ﬁt with a simple
power law function of the form t* w (RNi/RYSZ)c, where c x 4.1  2.2
denotes the effective scaling exponent.
To rationalize this strong dependence of loss of percolation
degree on initial Ni particle size, consider the following. If Ni particles in the initial stage are idealized as cylindrical morphologies
with “beaded” structures, then the loss of Ni phase percolation
degree can be related to the classic Rayleigh instability of inviscid
liquid jets [51]. In this case, the cylindrical liquid jet is linearly
unstable to perturbations with wavelengths greater than the
circumference of the cylinder, and the presence of such perturbations eventually leads to the breaking of the jet into spherical
droplets. In the context of solid cylinders, McCallum et al. [52]
examined analytically the stability of cylindrical islands on rigid
substrates with various wetting angles and demonstrated that the
characteristic time for the onset of morphological instability for the
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In order to examine the impact of Ni coarsening on the electrochemical performance of SOFCs, we employ the microstructural
features and effective material properties that previously have been
extracted from evolving anode microstructures as input parameters
in our cell level model. So far, no absolute physical dimensions of
the simulation box had been assigned in order to keep the results as
general as possible, and all dimensions were scaled with respect to
the characteristic length scale do. For the electrochemical analysis
presented in this section we assign an absolute value to the size of
the non-evolving YSZ particles and choose the characteristic length
scale, do, accordingly in order to obtain physical measures of the
electrochemical performance. For example, a YSZ particle size of
2 mm (RYSZ ¼ 1 mm) corresponds to a characteristic length, i.e., a
voxel size of do ¼ 80 nm, leading to a (9.6 mm)3 sized simulation
box. To account for sample-to-sample variations, effective material
properties are averaged over four ensembles for each anode system
(R1, R1.5, R2 and R2.5).
Power density vs. current density plots are established for all
SOFC cells during the microstructural evolution of SOFC anode
systems. Fig. 13(a) shows an exemplary plot of the power density vs.
current density for a SOFC cell having an R2.5 anode system, i.e.,
RYSZ ¼ 1 mm and RNi/RYSZ ¼ 0.4 at the initial time step, t ¼ 0, and
after a coarsening period of t ¼ 104s, corresponding to w360 h in
real time for this speciﬁc conﬁguration. We deﬁne the maximum
power density as the peak point in the power density vs. current
density curve. A decrease of the maximum achievable power density with coarsening time can be observed in the example, indicating that the changes in the microstructure caused by Ni
coarsening lead to a performance loss.
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Fig. 12. (a) Self similar scaling of Ni phase percolation degree PD for all SOFC anode
systems. (b) On a logelog scale, characteristic time t* ¼ t * (RNi/RYSZ) that sets the
morphological instability vs. Ni to YSZ particle size ratio.
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Fig. 13. For a YSZ particle size of 2 mm (RYSZ ¼ 1 mm). (a) Power density vs. current
density plots for a SOFC cell, with the R2.5 anode system (RNi/RYSZ ¼ 0.4), at coarsening
times t ¼ 0 (initial) and t ¼ 104. (b) Maximum power density vs. coarsening time for all
considered SOFC anode systems. The max. power density is deﬁned as the peak point
in the power density vs. current density curve.
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To further quantify this effect, we determined the temporal
evolution of the maximum achievable power density for all
considered anode conﬁgurations. Taking RYSZ ¼ 1 mm, the role of the
initial anode microstructure on the evolution of the electrochemical performance during Ni coarsening is quantiﬁed in
Fig. 13(b). In particular, initial anode microstructures with smaller
Ni particles yield higher efﬁciencies, i.e., values for the maximum
power density, which can be explained by their larger amount of
available reactive TPB [31]. This is in agreement with recent
experimental ﬁndings suggesting that SOFCs with anodes having
smaller features for the Ni particles yield higher maximum power
densities than the ones with anodes having larger Ni particles [54].
Due to the microstructural evolution within the anode, our SOFC
cell model predicts a drop in the electrochemical performance
during Ni coarsening for microstructures with RYSZ ¼ 1 mm. This
behavior is due to the combined effects of continuous loss of
reactive TPB regions, changes of the electronic conductivity in the
Ni phase as well as the evolution of pore sizes and pore tortuosity
factor. While anodes with initial Ni particles smaller than YSZ ones
yield a higher initial maximum power density, such microstructures are also prone to the strongest decline in performance as
coarsening takes place. The drop in the maximum power density
becomes smoother as the initial sizes of Ni and YSZ particles
become comparable. Note that SOFC cells with R2.5 anode systems
(i.e., RYSZ ¼ 1 mm and RNi/RYSZ ¼ 0.4) experience a sudden drop in
the maximum power density at late times t a 7  103s. This is
strongly correlated with the loss of reactive TPB regions observed in
Fig. 7(b), which in turn is associated with the loss of the percolation
degree PD in the Ni phase as illustrated in Fig. 11(a).
Next, we repeat this approach for a variety of YSZ particle sizes
in a range from RYSZ ¼ 50 nm to RYSZ ¼ 4 mm. Thus, we determine a
corresponding characteristic length scale do for each speciﬁc RYSZ
value. The purpose of this study is to examine the impact of the
absolute size of the YSZ particles in the non-evolving backbone
structure on the electrochemical performance during coarsening.
As before, for each value of RYSZ, we consider four cases with
different size ratios between Ni and YSZ particles. Each anode
microstructure, characterized by its combination of Ni and YSZ
particle size and ratio, shows a different initial maximum power
density before coarsening takes place. This is caused by the
different scaling behavior of the effective material parameters
used as input parameters for our cell level model: for example, at a
given volume fraction for the anode phases, scaling a given
morphology to half of its original size, i.e., reducing the size of the
YSZ particles (and also the Ni particles) by 50%, consequently leads
to a reduction of the pore size of 50%, while the TPB density is
increased by a factor of four [31]. Since we are interested in
monitoring relative changes of the performance caused by the
microstructural evolution during Ni coarsening, we normalize the
values found for the maximum power density in coarsened conﬁgurations by their respective initial ones. Contour maps of the
normalized power density are generated in order to visualize the
results and identify regions of initial YSZ and Ni particle sizes for
which the performance is potentially stable against coarsening of
the Ni phase.
Fig. 14(a) and (b) shows such maps of the normalized maximum
power density at (non-dimensional) simulation times of 1.0  103
and 1.0  104, respectively. [Note that different values of RYSZ are
associated with different values of the characteristic length scale do
as mentioned before. According to Eq. (5), this leads in turn to
different values of the characteristic time s as RYSZ is varied.] These
maps reveal that the size of the YSZ particles in the non-evolving
backbone structure as well as the relative size of the Ni particles
have a strong inﬂuence on how the performance is impacted by Ni
coarsening, as will be discussed next.
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Fig. 14. Maps of the maximum power density normalized by its initial value for
various combinations of YSZ particle size and Ni to YSZ particle size ratio (RNi/RYSZ) at
coarsening times (a) t ¼ 1.0  103 (b) t ¼ 1.0  104.

A close examination of the maps in Fig. 14(a) and (b) reveals that
coarsening of the Ni phase causes a degradation of electrochemical
performance for YSZ particles of size larger than approximately
RYSZ > 0.75 mm. Furthermore, for systems with smaller YSZ particles
(RYSZ ( 0.5 mm and RNi < RYSZ) and for the simulation times attained
in this study, there exists a time window within which Ni coarsening can even enhance the electrochemical performance. When
comparing both maps, i.e., maps of the relative performance change
obtained at different simulation time steps, both observed trends
become more pronounced at longer simulation times.
We suggest the following explanation for these results. First, we
note that porous anode microstructures with a relatively large YSZ
particle size, i.e., RYSZ > 0.75 mm, also have a sufﬁciently large
average pore size, so that the gas transport through the pore
network to and from TPB sites can easily be sustained. However, the
amount of active TPB represents the limiting factor for the electrochemical performance of such electrodes. Ni coarsening leads to
a reduction of the amount of TPB sites (cf. Fig. 7), so that the overall
electrochemical performance degrades as Ni coarsening takes
place.
In comparison, anode microstructures with a relatively small
YSZ particle size, i.e., RYSZ ( 0.5 mm, and Ni particles of even smaller
size, exhibit a sufﬁcient amount of TPB, so that the number of
reactive sites does not become rate limiting. However, the small
diameters of the porous network become more obstructive for the
diffusive gas transport, especially for pore sizes where the Knudsen
diffusion becomes comparable to or even dominant over the molecular gas diffusion. We capture this effect in our SOFC cell level
model by using the dusty-gas approach that takes both diffusion
mechanisms into account. When Ni coarsening takes place in such
electrodes, the gas channels in the pore network widen and open
up [cf. Fig. 9(a)], which yields improved and alleviated conditions
for the diffusive gas transport. While Ni coarsening again leads to a
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reduction of TPB, this effect now becomes balanced or even overcompensated by improved gas transport properties due to
widening pore sizes. Note that the electronic conductivity of the Ni
phase also evolves during coarsening [cf. Fig. 10(b)]. However, as
long as a reasonable extent of Ni phase contiguity is maintained, we
judge this to have only a minor inﬂuence on the performance, since
the ionic conductivity of the YSZ phase is orders of magnitude
lower than the electronic conductivity of Ni.
In terms of electrochemical efﬁciency, our model predicts that
anodes in the latter regime, i.e., for RYSZ ( 0.5 mm and RNi < RYSZ are
better capable of withstanding the microstructural changes associated with Ni coarsening, provided that the YSZ backbone does not
evolve with time and the Ni phase maintains a reasonable level of
percolation degree, or contiguity. Therefore, we propose that tuning the initial particle sizes of Ni and YSZ in anode cermets can have
a crucial impact on the coarsening behavior and the closely linked
temporal evolution of the electrochemical performance during fuel
cell operation.
5. Conclusions
In summary, an integrated modeling approach was presented in
order to quantify the effect of microstructural evolution of NieYSZ
cermet anodes on the electrochemical performance of SOFCs. A
mesoscale phase-ﬁeld model was developed that captures Ni
coarsening in NieYSZ cermet anodes, accounts for the polycrystalline nature of Ni, and tracks the evolution of several microstructural features that inﬂuence the electrochemical performance.
These features were then extracted and used as inputs in a
macroscale cell level model that encompasses gas transport, electron and ion conduction processes as well as the electrochemical
reactions in order to examine the role of Ni coarsening on electrochemical performance. While the electrochemical model itself is
time-independent, its inputs, which represent effective properties,
were extracted from the phase ﬁeld model as NieYSZ porous anodes evolved over time. Therefore, the cell level model is capable of
capturing the temporal evolution of the electrochemical performance of SOFCs. Initial anode microstructures were idealized as
binary mixtures of spherical Ni and YSZ particles and the integrated
modeling approach was employed, in a parametric study, to
examine the role of initial anode microstructure on the morphological stability of cermet anodes and electrochemical performance
of SOFCs.
Our simulation results revealed simple scaling laws for the
decrease in overall TPB length and loss in Ni percolation degree, or
contiguity. A Ni phase size effect was revealed, such that systems
with initially smaller Ni particles maintained higher density of TPBs
but lost contiguity faster than the ones with larger Ni particles.
Finally, the overall electrochemical performance displayed a nonmonotonic time-dependence during coarsening.
For initially coarse microstructures, the interplay between the
ceaseless decrease in reactive TPB density and the increase in
average pore radius led to degradation in electrochemical efﬁciency. On the other hand, for initially ﬁne microstructures, these
competing factors, i.e., the decrease in TPB density and rapid increase in average pore space radius led to stabilizing the degradation of electrochemical efﬁciency. This could be an indication that
at these length scales, electrochemical performance is dominated
by gaseous transport processes through the pore phase.
In broader terms, our approach highlights the importance of the
initial anode microstructure on both the morphological stability of
Ni phase and electrochemical performance of SOFCs. Several
physical phenomena are identiﬁed as possible mechanisms that
control Ni phase stability and coarsening rates in SOFC porous
anodes. Our integrated modeling approach, which is informed by

the local microstructure, can be used as a design tool to: i) Identify
combinations of morphological parameters that yield anode systems with optimal characteristics for the microstructural stability
and electrochemical performance of SOFCs, ii) utilize the trends and
scaling laws for TPB, Ni contiguity and pore radius to predict the
performance of SOFCs under extended use, and iii) explore other
avenues aiming at stabilizing Ni phase coarsening, such as doping
Ni to increase the wettability with the YSZ backbone.
Finally, the role of electrochemical reactions on the evolution of
several materials properties that affect Ni phase coarsening dynamics is not accounted for in our approach. For example, Ni phase
atomic mobility depends on the local temperature, which is inﬂuenced by electrochemical reactions. Further improvement to our
modeling approach, which is the subject of a future research
exploration, would incorporate the effects of electrochemistry on
Ni phase coarsening dynamics in SOFC anodes. In addition, the role
of coarsening on the redox stability, alternating oxidizing and
reducing conditions, is an important factor in the design of durable
SOFC anode microstructures. To this end, we utilized a recently
developed model [55] in combination with the coarsening
approach presented in this work to examine the role of Ni phase
microstructural evolution on the redox stability of SOFC cermet
anodes also consisting of binary mixtures of initially spherical Ni
and YSZ particles, the results of which are published elsewhere
[62].
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