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A phase field model is developed to examine microstructural evolution of an infiltrated solid oxide
fuel cell cathode. It is employed to generate the three-phase backbone microstructures and
morphology of infiltrate nano-particles [La; ,Sr,MnO3z (LSM)]. Two-phase Y,03 + ZrO, and LSM
backbones composed of 0.5-1 um particles are first generated and then seeded with infiltrate, and
evolution is compared for starting infiltrate particle diameters of 5nm and 10nm. The computed
lifetime triple phase boundary (3PB) density of the infiltrated cathode is then compared to the
cathode backbone. Results indicate that initial coarsening of infiltrate nano-particles is the primary
evolution process, and infiltrate coarsening is the majority contributor to 3PB reduction. However, at
all times, the infiltrated cathode possesses significantly greater 3PB length than even the uncoarsened
backbone. Infiltrate particle size effects indicate that the smaller particle size produces greater 3PB
length for the same infiltration amount, consistent with intuition. A maximum 3PB enhancement is
reached when increasing infiltrate particle loading, and the maximum enhancement depends on
infiltrate particle size. It is found that architectural degradation modes will insignificantly affect the
lifetime performance of infiltrated cathodes. This work suggests that lifetime optimized particle
size/loading combinations are identifiable, and can be precise if additional fundamental data become

available. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4908281]

I. INTRODUCTION

Solid oxide fuel cells (SOFCs) have been intensively
investigated as next-generation energy conversion devices
owing to their high fuel-to-electricity conversion efficiency,
quiet operation, scalability, and low emission."™ A conven-
tional cathode is typically a three-phase structure composed
of an electronically conductive phase (either La; ,Sr,MnO;
(LSM) or La;_,Sr,Co;_,Fe,O3 (LSCF)), an ionically con-
ductive phase (such as Y,03+4ZrO, (YSZ), and a pore
phase.”® The redox reaction occurs at three-phase bounda-
ries (3PBs) where ions and electrons meet with the gas
atoms. The cathode performance is directly dependent on the
3PB density and also the transport properties inside the po-
rous electrode microstructures. The porous microstructure
feature is to efficiently increase the contact areas of these
three phases. Solution infiltration of the inherently functional
cathode structure has been reported to improve the perform-
ance of SOFCs.””'" Although the introduced infiltrate phase
provides more active sites and electronic/ionic conducting
paths compared to the backbone microstructures, the long-
term morphological stability of the infiltrate is not assured. It
is believed that the performance of the infiltrated cathode is
closely related to the nano-particle morphology character-
ized by nano-particle diameter, particle number density,
surface area, materials, and particle shape. Variation in such
microstructural parameters impacts the infiltrate-backbone
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and infiltrate-infiltrate interfacial areas and chemical active
sites. The SOFC operating temperature of 750°C leads to
significant surface diffusivities of the infiltrate and backbone
particles, which eventually causes the coarsening of global
microstructure. Specifically, owing to elevated surface ener-
gies and particle sizes, the infiltrated particles may coarsen
and agglomerate faster than even the backbone particles
themselves, rendering the infiltrate useless.'*'? Coarsening
theory usually describes the evolution of the nano-particle
characteristic length as a time-dependent power law, and the
3PB density decreases during the coarsening processes. In
order to correlate the microstructural parameters to the cath-
ode performance, a model of microstructural evolution
would engender more rapid evaluation of materials perform-
ance over time periods that are experimentally inaccessible.
Given the number of independently adjustable infiltrate
fabrication parameters that may have a significant impact to
infiltrate efficacy, engineering of a suitable infiltrate phase
would be accelerated by the development of a model corre-
lating structure and evolution. As a mesoscopic modeling
method, the phase-field approach naturally treats the material
interfaces in a diffuse-interface description, which is appro-
priate to model microstructural morphologies and temporal
evolution. There is no need to track the interfaces during the
microstructural evolution; therefore, a priori assumptions
regarding the complex microstructure morphology are not
required. Recently, phase field modeling has been applied to
model the microstructure degradation both in cathode'* and
anode'>'® materials in SOFCs. Typically, the three-phase
microstructures are described by a set of conserved phase
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composition variables. Within each solid phase, the different
orientation grains are represented by the grain order parame-
ters. These phase-field variables have nearly constant values
in the bulk materials, which are related to the structure, com-
position, and orientation of the phases. These variables grad-
ually vary across the narrow interfaces. Their temporal and
spatial evolutions are controlled by the Cahn—Hilliard equa-
tions for conserved variables and Allen—Cahn equations for
order parameters. The reduction of surface energies is the
main driving force for the particle coarsening. The evolution
of the microstructure is implicitly given by the evolution of
the phase-field variables.

In this paper, we extend the phase-field model developed
for three-phase cathode microstructures to include an infil-
trate phase to study the microstructural evolution of SOFC
cathodes modified by the chemical infiltration of nano-
particles. Another phase parameter is introduced to describe
the infiltrate phase, and the coarsening of infiltrate particles is
governed by the Allen—Cahn kinetics. The main degradation
mechanism considered is particle coarsening, although
numerous mechanisms exist in reality, including formation of
secondary phases and cation inter-diffusion at interfaces.'’
Grain coarsening during cell operation decreases the active
area and the 3PB density, and increases the resistance of cath-
ode, which can eventually degrade the cathode performance.
The 3PB density initially increases with addition of infiltrate
particles, then decreases as particle loading increases. We fur-
ther report evolution behavior of LSM nano-particles with
different particle sizes infiltrated on LSM/YSZ backbone
surfaces. The number of LSM nanoparticles is distributed
more on YSZ surfaces than LSM surfaces as shown in our
experiments. Microstructural evolution of infiltrate and back-
bone particles are presented, and the corresponding 3PB den-
sity and surface areas are computed with different infiltrate
particle sizes and volume fractions.

Il. PHASE FIELD MODEL

A porous composite SOFC cathode infiltrated with nano-
particles is generally comprised of four different phases,
e., electrode-a-phase (electronic conducting), electrolyte-
f-phase (ionic conducting), infiltrate-y-phase (electronic
conducting or mixed conducting), and pore-d-phase (gas con-
ducting), as shown in Fig. 1. The infiltrate particles are
assumed to be pure electronic-conducting phase. The infil-
trate nanoparticle and backbone LSM phase are belong to the
same phase. Therefore, the infiltrate should sit on the back-
bone surface and connect with the YSZ and pore phases to
form a 3PB in order to enhance the performance of cathode.
If the infiltrate only contacts with LSM and pore phase or if
there is no contact between the infiltrate and YSZ, the 3PB
cannot be counted. To describe the phase evolution in such a
four-phase system, four composition fields Cy(r), Cg(r),
C,(r), and Cs(r) are chosen to represent the corresponding
phase volume fractions. The composition field variables
are defined as Cy,(r) = 1 for the electrode-a-phase with zero
values for all other composition variables, Cy(r) = 1 for the
electrolyte-f-phase, C,(r) =1 for infiltrate-y-phase, and
Cs(r) =1 for pore-0-phase with same conditions. The
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FIG. 1. Schematic description of a three-phase SOFC cathode with infiltra-
tion phase system (i.e., electrode-a-phase, electrolyte-f-phase, and infiltrate-
y-phase).

composition variables continuously change across the inter-
phase boundary with finite thickness of the diffuse interfa-
es.'” The conserved composition fields satisfy the condition
C,(r) + Cp(r) + Cy(r) + Cs5(r) = 1. Therefore, three inde-
pendent field variables C,, Cy, and C, are sufficient to define
the conserved compositions of a four-phase system. For three
dense solid phases, the crystallographic grain orientations in
space can be described by introducing a set of order parame-
ters, 7(r), n3(r), ..2(r) for the o phase, 1 (), n(r), ..nf (r)
for the f phase, and #)(r),n5(r), ...7}(r) for the y phase
(infiltrate), where p, ¢, and m are the numbers of possible
grain orientations of three solid phases o, f§, and 7, respec-
tively. These non-conserved orientation variables change
continuously in space and assume continuous values ranging
from O to 1 across the phase interfaces.
Based on our previous three-phase cathode phase field
model, we can write the total free energy as a 4th-order poly-
nomial function in terms of compositions and grain orienta-

tion order parameters as'*!820
oy
r=| {fO (Car i ot n]) + 5~ (VCop)?
quink—ﬂ} (Vn?"”’"/)z av W
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where VC, 5., and Vi are gradients of compositions and
order parameters and Ké’ﬁ 7 and K‘f'ﬁ "7 are their corresponding
gradient energy coefficients. The local free energy density fy
is given by
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Here, fi(C.p,) is only dependent on the phase composition,

fz(cq,ﬁ‘y’”?/}y) is the function of coupled composition and

orientation fields, f3(17f"ﬂ ’7,17;-“/3 7

between orientation fields, and f4(C,, Cp, C,) represents the
interaction between different composition fields.

The spatial and temporal kinetic evolutions of cathode
microstructures are controlled by the Allen—Cahn equations

and Cahn-Hilliard equations as follows:

gives the interaction
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where L?’ﬁ 7 and Mg’ﬁ 7 are kinetic coefficients related to
grain boundary mobilities and atomic diffusion coefficients,
and ¢ is time.

The first procedural step uses Egs. (4) and (5) to
describe backbone evolution for 5000 time steps, which pro-
duces LSM and YSZ backbone microstructures with grain
sizes consistent with conventionally manufactured SOFC,
i.e., 0.5-1 um. Infiltrate particles are then randomly seeded
on the backbone surfaces, and the whole system is permitted
to evolve. The expansion coefficients associated with the
chemical free energy are ideally informed by the surface
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energies of solid phases and interfacial energies between two
phases, and the kinetic evolution coefficient should be esti-
mated by the effective diffusion coefficients of solid phases
and grain boundary mobilities. Unfortunately, experimental
data are not sufficient yet available to confirm all parameter
assignments. Therefore, all simulations carried out in this
work are based on reasonable dimensionless parameters esti-
mated from literature.'* The expansion parameters in Eq. (3)
are assumed as Cp=0.0, C,,=0.5,A=1.0, ¢;=3.0, 0=1.0,
A=3.0,y=0,B=4A, and D, = yz/é. These chosen param-
eters ensure that f, has degenerate minima with equal depth
located at equilibrium states Cy(r) = 1.0 and ¥ = 1.0 for
i-th grain of electrode-a-phase, Cy(r) = 1.0 and nf = 1.0 for
j-th grain of electrolyte-f-phase, C,(r) = 1.0 and 5, = 1.0
for k-th grain of infiltrate-y-phase, and Cs(r) = 1.0 and
n® = 1.0 for pore-d-phase. The other used dimensionless
parameters are the gradient coefficients for phase parameters
K} = Kfj =/ =20, and for volume fraction variables
KG = Kg = k. = 2.0 to allow enough grid points at interfa-
ces. The time step for the evolution is ¢ = 0.3, and the
spacing dx = dy = dz =4.0. The kinetic coefficients for
time-dependent Ginzburg—Landau equations are set as
L*=L"=0004 and L'=004 and mobilities for
Cahn-Hilliard equations are Mg = Mg =0.008 and
M[. = 0.08. A model size of 64Ax x 64Ay x 64Az is used
and periodic boundary conditions are applied along three
directions. The semi-implicit Fourier-spectral approxima-
tion?! is applied to solve Egs. (4)—(6).

lll. RESULTS AND DISCUSSION

Contact angles are first checked at the triple-phase junc-
tions for infiltrate/LSM/pore, infiltrate/YSZ/pore, and LSM/
YSZ/pore in two dimensions. Based on the analysis of
microstructural morphologies of LSM/YSZ cathode from the
Back-scattered Electron images of a porous compact®® and a
composite cathode,”® and neglecting the small differences in
surface energies for various surfaces, the contact angles at a
triple junction are considered identically 120° in these simu-
lations.** Figure 2 shows the interfacial configurations of
LSM infiltrate particles deposited on the LSM and YSZ
backbone surfaces, respectively.

A three-phase LSM/YSZ cathode backbone microstruc-
ture is generated from the previously reported phase-field
model where three phase volume fractions are prescribed for

—
S —

Infiltrate particle

A

FIG. 2. Interfacial configurations of infiltrate particles sit on the LSM and
YSZ phase surface. The ratio of LSM/YSZ interfacial energy (y;,), LSM
surface energy (y13), and YSZ surface energy (y,3) is 1:1:1.
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33% electrode-a-phase, 33% eclectrolyte-f-phase, and 34%
pore-y-phase.'* Computer 3D simulations are started from a
randomly disordered microstructure where the desired vol-
ume fraction and the volume conservation are prescribed.
Small nuclei of infiltrate phase with particle size around
5nm are randomly seeded on the LSM and YSZ surfaces
once the backbone particle size becomes approximately 1
um. Based on the experimental observations, the number of
nanoparticles distributed on YSZ surfaces is more than on
LSM surfaces. It does not necessarily mean that LSM exclu-
sively deposits on YSZ: Infiltrated LSM may form epitaxial
nano-scale layer on LSM grains. But it is likely, the volume
fraction of LSM infiltrate on YSZ is higher than on LSM.
Thus, in our simulations, we also prescribed nearly two times
more infiltrate particles on the YSZ surfaces than on the
LSM surfaces. Due to the diffuse-interface nature, we can
easily tack the YSZ-pore interface and LSM-pore interface
based on their composition parameters. Then we randomly
add 1000 number of small infiltrate nuclei on the LSM sur-
face and 2000 number of small nuclei on the YSZ surface.
The whole system is permitted to evolve by solving govern-
ing equations (4)—(6). In Huang’s experimental paper, the
composite cathode is prepared by infiltration of LSM nano-
particles, of aqueous salt solution, and of molten salts into
the porous YSZ. The infiltrate LSM has a high mobility of
YSZ surfaces and the final morphology of the infiltrate is in-
dependent of the starting particle size and morphology.*
However, we study the different procedure that the LSM
infiltrate nanoparticles are randomly seeded into the existing
LSM-YSZ composite cathode. In order to study the effects
of nano-particle coarsening processes on the evolution, and
satisfy the experimental observations, the growth of back-
bone grains is assumed to be slow.'*?>-2

The temporal evolution of cathode microstructure after
infiltration is depicted in Fig. 3. The simulated architectural
features satisfy the requirements of SOFC cathode design by
allowing electronic, ionic, and gas transport through the
cathode. Specifically, percolated networks exist that facili-
tate gas transport through pore-phase (vacuum), oxygen ion
transport through electrolyte-phase (red color), and electron
transport through electrode-«-phase (green color), with infil-
trate particles (yellow color) not percolated.?’*® Since the
infiltrate particles deposit randomly for most infiltration
methods, the backbone surfaces are covered by either dis-
persed or connected infiltrate nano particles. As shown in
Fig. 3, the sizes of LSM and YSZ backbone grains increase
slightly during the coarsening processes. The average size of
backbone grains is typically 0.5-1.0 um in diameter, whereas
the diameter of infiltrate particles are relatively small, rang-
ing from 10 to 50nm after 1.3 x 10° time steps. Owing to
particle growth over time, the size and number of infiltrate
particles increases and decreases, respectively. This particle
coarsening process is driven by the reduction of total energy
accompanying a minimization of interfacial area.

Recent mathematical models show that properties of
cathodes are very sensitive to the infiltrate particle size.='
To study the infiltrate particle size effects on the microstruc-
ture evolutions, we increase the initial diameter of infiltrate
particles about two times and seed the same LSM/YSZ

J. Appl. Phys. 117, 065105 (2015)
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FIG. 3. Temporal evolution of three-phase cathode microstructures infil-
trated by nano-particles with sizes around 10-50nm after 1.3 x 10° time
steps. The red, green, and yellow color represents YSZ, LSM, and infiltrate
phase, respectively. The vacuum is pore phase.

backbones. The total volume fraction of infiltrate particles is
consistent with the first simulation; therefore, the increased
particle size results in a diminished absolute number of infil-
trate particles compared to the smaller diameter infiltrate.
The temporal evolution of infiltrated cathode microstructures
is plotted in Fig. 4. The evolved infiltrate grains grow to
50-100 nm after 1.3 x 10° time steps.

Figure 5 compares the time-dependent surface coverage
for two infiltrate particle diameters on both LSM and YSZ
surfaces. The covered surface area is defined as the ratio of
contact areas of infiltrate phase with the backbone surface to
the total backbone surface areas. As time goes on, the cov-
ered surface areas decreases with the growth of infiltrate
nanoparticles. The magnitude of small particle surface cover-
age is larger than for large particles when the total infiltrate
loading is maintained.” Thus, the lifetime magnitude of
surface area covered by infiltrate is largely dependent on the
starting particle sizes.

In experiments, grain coarsening decreases both the
active area and the 3PB density, and increases the resistance
of cathode. According to the definition of 3PBs, they are
formed by the contact of percolated LSM and YSZ phases in
porous systems, and 3PB length depends on the number of
contact points between LSM, YSZ, and pore phases.
Infiltrate LSM nano-particles coating the backbone surface
can provide a path for electronic conduction. Thus, it is
expected that addition of infiltrate directly promotes 3PB
density. Figure 6 shows a comparison of 3PB density for
non-infiltrated and infiltrated cathode with different initial
infiltrate particle sizes. Because electrodes much be electron-
ically conductive, the composite phase needs to be at least
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(c) = 60000

(d) £= 130000

FIG. 4. Temporal evolution of three-phase cathode microstructures infil-
trated by nano-particles with sizes around 50-100nm after 1.3 x 10° time
steps. The red, green, and yellow color represents YSZ, LSM, and infiltrate
phase, respectively. The vacuum is pore phase.

30% in order for that phase to “percolate” a random struc-
ture.*> The backbone LSM and YSZ volume fractions both
are set as 33%. The measurement of 3PB length is identified
as the edges where three different voxels, each of which
belongs to a different phase, are in contact. The infiltrate
LSM and backbone LSM are taken as the same phase. The
3PB density is defined as the 3PB length divided by the cell
volume. The total 3PB density can be divided into two parts,
the backbone particles with pore phase as well as the infil-
trate particle with YSZ and pore phase. Here, we assume that
all 3PBs are active. It is clearly seen that the values of 3PB

—#— Small (LSM)
—&—Small (YSZ)
—&— Large (LSM)
—¥— Large (YSZ)

Covered surface areas (%)
N

2 T T T T T T
0 2 4 6 8 10 12 14

Time steps (><104)

FIG. 5. Different initial infiltrate particle size effects on the infiltrate cov-
ered areas for the LSM and YSZ surfaces, respectively. The diameters of
small and large infiltrate particles are 10-50nm and 50-100nm after
1.3 x 10° time steps, respectively.
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FIG. 6. Comparison of the calculated 3PB density of backbone and infil-
trated cathode as a function of time steps. The values of 3PB density for
non-infiltrated cathode is multiplied by 1.5.

density for the infiltrated cathode with different infiltrate
particle sizes largely increase, which is consistent with the
results predicted by experiments and mathematical model. *
Generally, the isolated infiltrate nanoparticle close to the
backbone 3PB resulting in a further increase of the 3PB is
beneficial for the electrochemical performance. The
improvement in 3PB not only provides more effective path-
way for electrons in the electrode but also more reaction sites
for the reduction reaction. Plenty of experimental results
concluded that the infiltration can significantly increase the
electronic conductivity and reduce the overpotential of the
cathode.”'"**37 The lifetime 3PB density evolution shows
that infiltrate coarsening mainly occurs at the initial stage,
which agrees with the experimental observation of resistan-
ces where the main performance changes occur at the initial
stage.'>**3% For example, Shah ez al.'* studied the coarsen-
ing of LSCF nanoparticle affect the polarization resistance.
The degradation is more rapid in the early stages. The high
aging temperature (800°C) can cause the nanoparticle size
increase from 40 nm to 120 nm after 300 h. As expected, the
decreasing 3PB density mainly arises from the coarsening of
infiltrate particles but not from the backbone microstructure,
which is consistent with the microstructure evolution in
Figs. 3 and 4. The cathode with small infiltrate particle gives
larger 3PB density than the larger infiltrate particle over the
lifetime, which suggests that the small and uniform particle
size can produce a better cathode performance.””' The
coarsening of infiltrate particles as a function of time is also
consistent with the evolution of surface coverage, as shown
in Fig. 5. In all cases tested here, the infiltrated cathode is
expected to retain high 3PB length throughout the opera-
tional lifetime, and exhibits superior lifetime 3PB density
than the as-fabricated cathode backbone.

3PB density is examined for various infiltrate particle
volume fractions using smaller particle size (10-50 nm), and
results are depicted in Fig. 7. 3PB density increases with
increasing infiltrate loading to a maximum volume fraction
at 1.6%. Continued increases in infiltrate loading causes the
3PB faction to decrease, and significant 3PB density depres-
sion is shown for a volume fraction >2.2%. This can be eas-
ily understood by considering the relationship between
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FIG. 7. Different amount of infiltrate
particles effects on the (a) 3PB density
and their corresponding (b) covered

surface area as a function of time steps
of an infiltrated LSM/YSZ cathode.
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perimeter and interfacial area of the approximately hemi-
spherical particles being applied to the surface. Such a result
has been confirmed experimentally. Liang er al.** showed
that a range of infiltrate particle loading on the backbone
surfaces can produce a maximum in cathode performance.
The measurement of polarization resistance at different Pd
loading demonstrated that the cathode with 5 wt. % Pd load-
ing has the highest value, while it has lower values both for
0.5 wt. % and 25 wt. % loading because of the reduced 3PB
for electrochemical reaction. Liu er al.*' recently reported
the different Lag4g75Cag9125Cegs0,_s LCC concentration
infiltrate the mixed ionic-electronic porous conductor LSCF.
The measurement of interfacial polarization resistance has
the lowest value at the intermediate LCC concentration
0.25mol 1"', while both lower and higher LCC concentra-
tions like 0.05mol 17" and 0.50 mol 1" gave higher resistan-
ces. Recent mathematical models also indicated that the
peak of 3PB can be obtained by a certain infiltration load-
ing.>*3! Therefore, our simulation results also support exper-
imental and computational evidence of optimal infiltrate
particle loading for high cathode performance for a particular
particle size.

IV. CONCLUSIONS

A phase field model is developed to simulate SOFC
microstructures and corresponding evolution of infiltrated
cathodes. The enhancement of cathode performance is con-
firmed by the calculations of 3PBs, which increase largely
after the infiltration treatment compared with the non-
infiltrated cathode. The time evolution of 3PBs shows that
the most rapid evolution occurs at the initial stage. The mea-
surement of infiltrate covered surface area and 3PB density
by adding different sizes of initial LSM nanoparticles
indicate that the cathode performance largely depends on
infiltrate particle sizes. The smaller infiltrate particles give
better cathode performance for a certain amount of infiltra-
tion solution. At all times, the infiltrated cathode possesses
significantly greater 3PB length than even the uncoarsened
backbone, and architectural degradation modes will insignifi-
cantly affect the lifetime performance of infiltrated cathodes.
For a specific particle size, there exists an optimized infiltrate
particle loading for the highest cathode performance.
Quantitative analysis of the infiltrated cathode associated
with microstructural evolution requires thermodynamic and

kinetic parameters from experiments or first-principle calcu-
lations such as surface diffusivities of solid phases, grain
boundary mobilities, and grain boundary energies. Beyond the
electronic conducting infiltrate particles coating on the LSM/
YSZ backbone surfaces, our methodology is also valid for the
ionic conducting phase coating on the backbone surfaces.
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