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A phase-field model for describing three-phase electrode microstructure (i.e., electrode-phase,
electrolyte-phase, and pore-phase) in solid oxide fuel cells is proposed using the diffuse-interface
theory. Conserved composition and non-conserved grain orientation order parameters are
simultaneously used to describe the coupled phase coarsening and grain growth in the three-phase
electrode. The microstructural evolution simulated by the phase-field approach demonstrates the
significant dependence of morphological microstructure and output statistic material features on
the prescribed kinetic parameters and three-phase volume fractions. The triple-phase boundary
fraction is found to have a major degradation in the early evolution. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4738230]

Solid oxide fuel cells (SOFC) are anticipated to play a
major role in future energy production owing to their poten-
tial for clean and efficient electricity generation. The elec-
trode microstructures are known to have a profound effect
on the cell performance and durability of SOFC. A typical
electrode is a porous mixture of an electron conducting
electrode-phase, such as Ni or lanthanum-doped strontium
manganate (LSM), and an ion conducting electrolyte phase,
such as yttria-stabilized zirconia (YSZ), which facilitates the
critical oxygen reduction reaction or fuel oxidation
reaction."™ Long-term material degradation induced by
microstructural evolution has been considered a primary
source of SOFC inefficiency and power losses. Computa-
tional modeling efforts have been proposed for multi-scales
concern.”® However, most computational works do not
examine the microstructure evolution or are limited in either
statistical or semi-empirical ways.

On the other hand, the phase-field method has emerged
as one of the most powerful methods for modeling transport
phenomena and complex microstructural evolution.” Further-
more, the phase-field approach can be developed to simulate
the microstructure evolution of SOFC functional layers.®’
The present paper proposes a general phase-field model for
simulating the kinetic of coupled phase coarsening and grain
growth in a mesoscale, physics-based three-phase SOFC
electrode system. In the phase-field model, two independent
composition fields define the volume fractions of the three
constituent phases, and two sets of orientation fields are used
to represent different crystallographic orientations of
electrode-phase and electrolyte-phase. The phase boundaries
are described in the spirit of the diffuse-interface theory of
Cahn-Hilliard'® while the grain boundaries are described by
the time-dependent Ginzburg-Landau equations.'" The
phase-field approach is numerically developed by semi-
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implicit spectral method to simulate the microstructural evo-
lution of the SOFC electrode based on the prescribed appro-
priate kinetic parameters. Computer simulation will allow
one to monitor the detailed microstructure evolution and also
to obtain the statistical material properties (such as the triple
phase boundary (TPB) density) that are critical determinants
of cell electrochemical performance.

A porous composite SOFC electrode generally com-
prises three different phases, i.e., electrode-a-phase (elec-
tronic conducting), electrolyte-f-phase (ionic conducting),
and pore-y-phase (gas conducting), as shown in Fig. 1. To
describe the phase evolution in such a three-phase system,
three composition order parameters C,(r), Cp(r), and C,(r)
are required to represent the corresponding phase volume
fractions. The composition field variables are defined as
{C.(r),Cp(r),Cy(r)} = {1,0,0} for electrode-a-phase,
{C.(r),Cp(r),Cy(r)} = {0,1,0} for electrolyte-f-phase,
and {Cy(r),Cp(r),C,(r)} ={0,0,1} for pore-y-phase.
Across the interphase boundary, the composition variables
continuously change with finite thickness of the diffuse inter-
faces. We can eliminate one of the composition order param-
eters through the constraint condition of volume fractions,

Electrolyte-
B-phase

Pore-y-
phase

FIG. 1. Schematic description of a three-phase SOFC electrode system (i.e.,
electrode-a-phase, electrolyte-f-phase, and pore-y-phase).
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e., C,+Cp+C, =1. Therefore, two independent field
variables C, and Cg are sufficient to define the conserved
compositions of a three-phase system.

For the fully dense solid electrode-a-phase and electro-
lyte-5-phase, the grain orientation order parameters are intro-
duced within the diffuse-interface context for representing
grains of a given crystallographic orientation in space.

Co(r);mi(r), m3(r), oo mp(r),

Cpr)i ) ), o), W

~

where p and ¢ are the numbers of possible grain orientations
of electrode-a-phase and electrolyte-f-phase, respectively.
The non-conserved orientation variables change continu-
ously in space and assume continuous values ranging from
—1.0 to 1.0. For example, a value of n’(r) = 1.0 with zero
values for all other orientation variables indicates that the
material at position  belongs to electrode-o-phase with the
crystallographic orientation labeled as i. Note that all orien-
tation field variables are zero for the pore-y-phase.

The total free energy with the composition and orienta-
tion order parameters can be constructed within the diffuse-
interface field theory'*'?
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where VC,, VCg, Vn?, and Vn,/-f are gradients of concentra-
tion and orientation fields; 7, ;cg and «7, K[ﬁ are the corre-
sponding gradient energy coefficients; f, is the local free
energy density which is given by
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where f(C) is only dependent on the composition variable;
f2(C,n,)" is the function for coupled composition and orien-
tation fields; f3(1;, n;) gives the interaction between orienta-
tion fields; and f4(C,,Cp) denotes the coupling between
composition fields. The phenomenological parameters in Eq.
(4) are assumed as Cy=0.0, C,,=0.5, A=1.0, ¢;=3.0,
6=10, 2=3.0, y=09, B=4A, and D, = */5. They are
chosen in such a way that f; has degenerate minima with
equal depth located at equilibrium states Cy(r ) =1,nr=1
for ith grain of electrode-o-phase; Cp(r) = 1 11 =1 for jth
grain of electrolyte-f-phase; C,(r) =1 for pore-y-phase.
This requirement ensures that each point in space can only
belong to a grain with a given orientation of a given phase.

The spatial/temporal kinetics evolution of grain growth
and phase coarsening can be described by the time-
dependent Ginzburg-Landau equations and Cahn-Hilliard
equations

811?(1', t) _ _ngv|: 5f0
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where L; and M. are kinetic coefficients related to grain
boundary mobilities and atomic diffusion coefficient, and ¢ is
time. The difference between kinetic equations for orienta-
tion fields and composition fields comes from the fact that
composition is a conserved field which satisfies local and
global conservation of phase-volume fractions in a system,
whereas the volume fraction of grains of a given orientation
is not conserved.

It should be emphasized that the driving force for micro-
structure evolution is the total interfacial boundary energy.
Therefore, the gradient energy coefficients together with the
kinetic mobilities are the most important factors to control
the kinetics of microstructure evolution. The contact angles
at triple junctions obtained by two-dimension simulations
are shown in Fig. 2 for the prescribed three sets of gradient
energy coefficients. It is found that the equilibrium contact
angles at triple junctions are well examined and the gradient
coefficients play a key role in determining the contact angles
as well as microstructure features of the three-phase system.

Unfortunately, it is very difficult to obtain the actual gra-
dient coefficients and the kinetic mobilities for the SOFC
electrode materials. In order to perform the phase-field

®)

Electrolyte-

B-phase yer .
FIG. 2. Equilibrium contact angles at triple

junctions for three sets of gradient energy coeffi-
cients. (a) k& = 2.5 and Kg =25;(b) ki =15
Pore- and Kg = 3.5;and (c) ki = 0.5 and Kﬁ =35.5.
v-phase
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FIG. 3. Temporal microstructural evolution in a three-phase SOFC elec-
trode system. (a) Time step=1000; (b) time step=35000; (c) time step
=10 000; and (d) time step =20 000; The electrode-o-phase, electrolyte-f3-
phase, and pore-y-phase are represented in red, yellow, and transparent (with
volume fraction 30%, 30%, and 40%, respectively).

model to simulate the specific SOFC electrode microstruc-
ture, the gradient energy coefficients as well as other kinetic
parameters must be asymptotically evaluated by fitting the
experimentally determined interfacial energies ratios or con-
tact angels at feasibly measurable triple junctions. By incor-
porating the obtained kinetic information into the present
diffuse-interface phase-field model, the microstructural evo-
lution of three-phase SOFC electrode can be entirely
characterized.

The semi-implicit Fourier-spectral approximation
can be applied to solve Eq. (5) by transforming the partial
differential equations into a sequence of ordinary differential
equations in the Fourier space. The semi-implicit Fourier
spectral method has capability to provide significantly more
accurate results with fewer grid points and greater time step
size. A model size of 64Ax x 64Ay x 64Az is used and peri-
odic boundary conditions are applied along three directions.
The gradient coefficients for phase parameters are k7 = 2.5
and ng = 2.5 and for volume fraction variables are k. = 2.5
and Kg = 2.5. The time step for the evolution is = 0.05 and
the spacing dx = dy = dz = 2.0. The kinetic coefficients for

14,15

(a) (b)

(a)
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time-dependent Ginzburg-Landau equations are L} = 2.5
and Lf? = 2.5, and the mobilities for Cahn-Hilliard equation
are M% = 2.5 and Ml = 2.5,

The temporal three dimensional microstructural evolu-
tions are shown in Fig. 3 where the phase volume fractions
are prescribed as: electrode-o-phase: 30%; electrolyte-f3-
phase: 30%; and pore-y-phase: 40%. 3D simulations com-
mence from a randomly disordered microstructure where the
desired volume fraction and the volume conservation are
prescribed. It can be seen from Fig. 3 that the phase coales-
cence can be trapped and controlled by the inter-particle dif-
fusion through microstructure while the microstructural
evolution appears to slow down within a long range. The
simulated microstructures possess a striking resemblance to
those observed experimentally.>*

The interpenetrating network of electrode-x-phase, elec-
trolyte-f-phase, and pore-y-phase can also be obtained and
shown in Figs. 4(a)-4(c), respectively. The connectivity of
each phase is well demonstrated by the phase-field simulation
indicating that the volume phases appear to be percolated and
are, therefore, electrochemically active. The simulated perco-
lated feature meets the requirement of SOFC electrode micro-
structure to allow the electronic, ionic, and gas to transport
through the electrode (e.g., gas through pore-phase, oxygen
ions through electrolyte-phase, and electrons through elec-
trode-phase). Furthermore, the typical simulated microstruc-
tures with different volume fractions of each phase are shown
in Fig. 5, which demonstrates that the microstructure topology
possesses significant dependence on the relative volume
fractions of the three phases. All results show that the main
features of phase coarsening and various statistical microstruc-
ture information are well predicted through the computer sim-
ulation by the present phase-field model.

Temporal degradation of TPB segments distributed in a
three-phase SOFC electrode system is plotted in Fig. 6. TPB
segments are positively assigned if any four neighboring
phases contain all three phases with different phases in two
diagonal locations. Fig. 6 shows that TPB segments clearly
degrade during the temporal evolution. The parametric effect
of three sets of gradient coefficients on TPB fractions is per-
formed and plotted in Fig. 7 with the fixed three phase vol-
ume fractions. In Fig. 7, different prescribed gradient
coefficients lead to similar trends of TPB degradation behav-
ior. Rapid degradation occurs within the early evolutionary

FIG. 4. Percolation phase network in SOFC electrode.
(a) electrode-o-phase; (b) electrolyte-f3-phase; and (c)
pore-y-phase.

FIG. 5. Microstructure of three-phase SOFC electrode
for different volume fractions of electrode-o-phase/
electrolyte-f-phase/pore-y-phase: (a) 35%-35%-30%;
(b) 30%-30%-40%; and (c) 25%-25%-50%.
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FIG. 6. Temporal degradation of TPB segments distributed in a three-phase
SOFC electrode system. (a) Time step = 1000; (b) time step = 5000; (c) time
step=10000; and (d) time step=20000; The electrode-a-phase, electro-
lyte-f-phase, and pore-y-phase are with volume fractions of 30%, 30%, and
40%, and k% = 1.5 and I»g = 3.5 are prescribed in phase-field numerical
simulations.

period, though degradation in the TPB fraction slows over
longer time periods. Actually, the temporal degradation of
TPB is qualitatively consistent with the temporal phase
coarsening evolution of microstructure, which indicates that
particle agglomeration and coarsening may be principal fac-
tors responsible for electrode degradation. It should be
pointed that a random disordered microstructure was used as
the initial input for the phase-field model. This randomiza-
tion can lead to a slightly different TPB number and two-
solid phase contact number. However, the tendency of evolu-
tion of TPB number and two-solid phase contact number is
similar even for different randomization.

Fig. 8 shows the temporal evolution of TPB fraction for
different three-phase volume fractions in SOFC electrode.
The general trend of electrode degradation remains similar
regardless of the phase volume fractions. At the early evolu-
tion time, there is a rapid decrease of the TPB. Thereafter,
the TPB fractions almost stabilize with the negligible reduc-
tion, which is consistent with the stabilization of morpholog-

02} * o —x=2.5; =25
020} = o—x'=15; =35
0.18F A\ K=0.5; K=5.5
= \
Soif  \.
g 0.14 + A 1
m 012} NN,
-9 \\0 A 1
= 0.10F O ]
I—;. A
Se=f_a_,
0.08 - S — ]
*flr\'nl 3
0.06 - =3
0 5000 10000 15000 20000

Time steps

FIG. 7. Temporal evolution of TPB fraction for three sets of gradient coeffi-
cients with the fixed volume fraction of electrode-a-phase: 30%, electrolyte-
p-phase: 30%, and pore-y-phase: 40%.
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FIG. 8. Temporal evolution of TPB fraction for different three-phase vol-
ume fractions with the fixed gradient coefficient k- = 1.5 and Kg =3.5.

ical microstructure after the long time operation. However,
the magnitude of TPB fraction shows a significant depend-
ence on the three-phase volume fraction. The guidelines of
the dependence of TPB behaviors on phase volume fractions
as well as gradient coefficients can be potentially established
by the phase-field computation simulation. There is a poten-
tial opportunity for improving the long-time performance of
SOFC electrode by controlling the phase volume fractions or
the surface/interfacial energies in materials. The model may
also inform design of the optimized TPB or means to miti-
gate TPB degradation.

It is evident that the phase-field model can efficiently
support evaluations of fundamental performance parameters
and long-range microstructural evolution. Nevertheless, it
should be noted that the calculation accuracy of overall sta-
tistical material properties as well as the morphological evo-
lution with time scale during the long-range of operation can
be further improved by calibrating factors associated with
the phase-field simulations. These factors include the actual
initial microstructure and the accurate values of mobilities,
diffusivities, and interfacial energies ratios or contact angles
etc., which can be asymptotically evaluated or available
from the corresponding experimental measure. With inclu-
sion of appropriate kinetic and dynamic parameters, the pres-
ent phase-field model is tunable to allow more accurate
simulation of the specific SOFC electrode microstructure, e.g.,
LSM-YSZ-CathOdC, LSCF-SDC(LangSI'OACOO_zFeO.803_5—
CeogSmg,0,_s)-cathode, Ni-YSZ-anode, or Ni-SDC-anode,
etc.

In summary, a computer simulation approach based on
the phase-field model is developed for investigating micro-
structure evolution in three-phase SOFC electrode system.
The proposed simulation framework reproduces the elec-
trode microstructure features for the prescribed kinetic pa-
rameters and three-phase volume fractions. The phase-field
model can be used to predict the morphology of three-phase
cathode and anode microstructure. The useful statistical mate-
rial features and the effect of evolving microstructures on the
statistical material properties such as TPB are obtained.
Continued maturation of this approach will result in robust
computationally guided material design that accelerates micro-
structure and materials optimization of novel SOFC electrodes
and supports evaluation of long-term cell degradation.
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