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Over  their  designed  lifetime,  high-temperature  electrochemical  devices,  such  as  solid  oxide  fuel  cells
(SOFCs),  can  experience  degradation  in  their  electrochemical  performance  due  to  environmental  con-
ditions,  operating  conditions,  contaminants,  and  other  factors.  Understanding  the  different  degradation
mechanisms  in SOFCs  and  other  electrochemical  devices  is  essential  to  reducing  performance  degradation
and increasing  the lifetimes  of  these  devices.  In  this  paper,  SOFC  degradation  mechanisms  are evaluated,
and a damage  model  is presented  that describes  performance  degradation  in  SOFCs  due  to  damage  or
degradation  in the SOFC  electrodes.  A  degradation  classification  scheme  is  presented,  dividing  the  various
egradation
omputational model
ulfur poisoning
ntimony
amage factor

SOFC electrode  degradation  mechanisms  into  categories  based  on their  physical  effects  on  the  SOFC.  The
damage  model  and  classification  method  are  applied  both  to  sulfur  poisoning  and  antimony  poisoning,
which  occur  in the  SOFC  anode.  For  sulfur  poisoning,  the  model  can  calculate  degradation  in SOFC  per-
formance  based  on  the  operating  temperature  of the  fuel  cell and  the  concentration  of  gaseous  sulfur
species  in  the  anode.  For  antimony  poisoning,  the  effects  of  nickel  consumption  from  the  anode  matrix

are  investigated.

. Introduction

Solid oxide fuel cells (SOFCs) and other electrochemical devices,
uch as proton exchange membrane (PEM) fuel cells and batteries,
re promising alternative energy devices that are being consid-
red for applications ranging from full-scale power generation to
mall-scale portable power systems. SOFCs are being developed
or stationary and auxiliary power applications, which require a
0,000 h or more lifetime [1].  The power output and long-term per-
ormance and degradation of electrochemical devices rely heavily
n the reactive transport and electrochemical performance within
he electrodes. In SOFCs, performance degradation can be caused by

 number of factors, including environmental and operating condi-
ions, contaminants in the fuel and air streams, and impurities in

aterials and balance of plant equipment. These various degrada-
ion mechanisms can rapidly reduce the power output of SOFCs, as
n the case of sulfur poisoning [2,3], or gradually affect performance
ver the SOFC’s operating lifetime, as with chromium poisoning
4].
To improve the performance and lifetime of electrochemical
evices, it is important to understand the various degradation
echanisms that occur within the electrodes and how they are
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affected by the local conditions within the electrodes. Experimental
studies of degradation mechanisms focus on the effects to overall
performance without resolving the physics within the electrodes
and electrolyte of a working fuel cell [2,5]. In SOFCs, the high operat-
ing temperatures and complex, compact geometry make it difficult
for experimentalists to get detailed data on the conditions within
the fuel cell. Computational modeling is able to simulate the multi-
physics reactions occurring within the electrodes and investigate
the local physical mechanisms that cause the degradation in overall
SOFC performance.

Herein, we  present a degradation modeling framework for
SOFCs. The degradation modeling framework is intended to be
general and can be used to consider various degradation mech-
anisms in SOFCs and other electrochemical devices. As part of
the framework, a classification system for the different degrada-
tion mechanisms is developed, which classifies the mechanisms
based on their effects on the SOFC (such as structural or
chemical changes), and is used to establish degradation mod-
els based on continuum damage mechanics [6].  The continuum
damage approach accounts for degradation in the SOFC elec-
trodes through a damage factor, which is applied (as appropriate)
to model parameters such as transport properties, porosity, or

triple phase boundary (TPB) length. The model is applied to the
distributed electrochemistry (DEC) model, which simulates the
multi-physics through the thickness of the electrodes and elec-
trolyte [7].

dx.doi.org/10.1016/j.jpowsour.2012.02.091
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ryanem@bu.edu
dx.doi.org/10.1016/j.jpowsour.2012.02.091
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Table 1
Effects of trace species in gasified coal on the SOFC anode [5,14,19,20].

Species Observed reactions Effect on SOFC Trends with SOFC operation

Phosphorus (P) Adsorbs to anode, forms NixPy on
surface

Gradual increase of ohmic and
electrodic polarization; sharp
performance drop at high P
concentration and formation of
microcracks. Loss of electrical
percolation. Poisoning occurs from
the fuel channel and propagates
into anode

Rates of degradation show no
significant dependence on current
density or fuel utilization.
Increases with P concentration

Arsenic (As) Ni consumption and migration
from the anode matrix

Abrupt failure after long-term
operation due to loss of electrical
percolation

Depth of reaction area and
agglomeration increase with AsH3

concentration; no significant
dependence on current density or
fuel utilization

Selenium (Se) Adsorbs near electrolyte interface;
nanoparticles form at medium and
high polarization; forms NixSey at
high current density

Rapid decrease in power to new
steady state. Primarily an increase
in electrodic polarization; minimal
increase in ohmic loss; at
intermediate current oscillatory
behavior. Possible NixSey at
interface due to increase in O2

partial pressure (pO2 ). Partially
reversible at low current

Increases with current and Se
concentration; oscillations in
performance at intermediate
current; local pO2 increases with
large current

Sulfur  (S) Adsorbs to anode; may  form NixSy

at high current density
Rapid decrease in power to new
steady state. At high current
density Ni redistribution to small
particles at electrolyte interface.
Partially reversible under certain
conditions

Increases with decreasing
operating temperature; increases
with increasing S concentration;
increases with increasing
operating voltage

Chlorine (Cl) Adsorption of Cl to the Ni surface
and possible sublimation of NiCl2

Reversible increase in electrodic
polarization, decrease in ohmic
loss at 700 ◦C due to scavenging
effect of HCl

Higher HCl concentration leads to
faster voltage change; degradation
rate does not show dependence
with polarization

Antimony (Sb) Adsorption of Sb and formation of
NixSby on surface; Ni consumption
and migration from matrix

Two-stage degradation: initial
rapid decrease in voltage with
increase in electrodic polarization;
longer-term decrease in voltage

Initial stage: Nearly independent of
Sb concentration; increasing
degradation with decreasing
current density. Late stage: Ni–Sb
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This paper is divided into five sections. Section 1 provides a
eneral overview of degradation mechanisms in SOFC electrodes.
ection 2 discusses the classification of these degradation mech-
nisms based on their effects on the electrodes. In Section 3, the
egradation model is outlined, and the application of the degra-
ation model to sulfur and antimony poisoning are presented in
ection 4. The final section discusses the conclusions drawn from
his work and future direction of this research.

. Degradation mechanisms in SOFC electrodes

Degradation within the SOFC electrodes can lead to dramatic
ecreases in overall performance. Degradation occurs due to a
umber of factors, including operating conditions [8],  mismatch
f material properties, the presence of trace species in materials
nd balance of plant equipment [9],  or the presence of contami-
ant species in the gas streams [5].  SOFCs operate under extreme
emperatures and electrochemical conditions that can lead to inter-
ctions between materials and induce stress due to mismatched
aterial properties, such as the coefficient of thermal expansion

CTE) [10,11]. Operating conditions, such as temperature, voltage,
nd fuel utilization, also can lead to degradation issues, including
he formation of coke in the anode [8].  Contaminants in the SOFC’s

uel and air streams can cause a variety of degradation issues, espe-
ially in the anode. Due to their high operating temperature, SOFCs
re fuel flexible and are being considered for use with gasified coal,
iofuels, and other alternative fuel sources. The trace species found
with increase in ohmic loss. Loss of
electrical percolation due to NixSby

crystallite size grows with Sb

in these alternative fuel sources can interact with the anode mate-
rial and decrease the SOFC’s electrochemical performance.

In particular, gasified coal contains numerous trace species that
can interact with the SOFC anode [12]. Depending on where the
coal is mined and how it is processed, the concentrations and spe-
cific trace species can vary significantly. The SOFC anode, typically
a mixed conducting composite electrode consisting of nickel (Ni)
and yttria-stabilized zirconia (YSZ), is known to react with many
of these species. The responses of the anode and SOFC perfor-
mance to trace species can vary from a decrease in performance to
a lower steady-state performance, as seen with sulfur poisoning, to
an abrupt failure of the cell, such as with arsenic [5].  Several exper-
imental studies have investigated the various trace species found
in gasified coal and their effects on the SOFC anode [2,5,13–18].  An
overview of coal gas contaminant species that affect the SOFC is
shown in Table 1. As seen in the table, the different trace species
affect different aspects of the anode’s performance, such as the
percolation of the electron-conducting material through the anode
thickness, the availability of Ni for electrochemical reactions, and
the porosity of the anode.

The diversity of degradation mechanisms in the SOFC electrodes
leads to a variety of physical changes to the SOFC microstructure
and chemical properties, which affect the SOFC’s overall perfor-
mance. Simulating these degradation mechanisms requires the

development of a unique model for each case. In the following
sections, we  discuss a flexible modeling framework that aids the
classification of different degradation mechanisms and develop-
ment of the various models.
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Table 2
Continuum-scale model parameters.

Symbol Variable

ε Porosity
� Tortuosity
� Permeability
rp Pore radii
rg Grain radii
�  Thermal conductivity
�  Ionic (ion) or electrical (e−) conductivity
Dsurf Surface diffusion
TPB Triple phase boundary length
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Kreact Reaction rate
KCT Charge transfer reaction rate
fvol Volume fraction

. Classifying degradation

To facilitate the modeling and investigation of the different
egradation mechanisms that occur in SOFCs, we  can classify the
arious mechanisms based on their effect on the SOFC’s electrodes
nd how they relate to different parameters of a continuum scale
odel (Table 2), e.g. the DEC model [7].  Fig. 1 flow chart classifies

egradation by addressing the question of how different contam-
nants and degradation mechanisms affect the SOFC electrodes. In
ll degradation cases, the overall effect on the SOFC electrodes is a
hange in the rate of electrochemical reactions within the electrode.
epending on the specific degradation case, this effect can take
any forms. In the case of sulfur poisoning, sulfur adsorbs to the

node surface and blocks the electrochemical reaction sites. In the
ase of CTE mismatch, cracking and delamination of the electrodes
an occur, damaging the physical microstructure and disrupting the
ow of ions and electrons in the solid to the TPB sites.

Our classification scheme divides the effects of degradation
nto two broad categories: (1) structural and (2) chemical effects.
tructural effects change the physical structure of the SOFC, while
hemical effects involve the composition and chemical (or electro-
hemical) reactions in the SOFC. The structural category is further
ivided into subcategories based on how the degradation is affect-

ng the microstructure:

Flow blockage occurs when the pore space of the electrodes
becomes obstructed, such as with the formation of a precipitate.
Flow blockage will typically affect the porosity (ε), tortuosity (�),
permeability (�), and pore radii (rp) of the electrode.
Delamination happens when different layers of the SOFC come
apart, such as at the interface of the electrode and electrolyte.
With delamination, the percolation of the ionic- and electronic-
conducting phases will be interrupted, decreasing the electrode’s
conductivity (�). Delamination also will affect the basic porous
microstructure, as well as the ε, �, �, and rp parameters.
Particle formation/coarsening occurs when one of the compo-
nents of the electrode changes in volume due to the formation of
a new phase. Ni coarsening in the anode [21,22] is an example of
this category.
Structural collapse or instability includes the formation of cracks
in the microstructure or failure of the microstructure because of a
loss of structural integrity [5,19].  This can occur due to the migra-
tion of material from the electrode, a non-uniform change in the
electrode’s volume, or other structural changes in the electrodes.

In the chemical effects category, there are also several subcat-
gories that describe the various ways degradation mechanisms

nteract chemically with the electrodes:

Adsorption of contaminant species is a common degradation
issue [23], which decreases the reactive surface area (TPB length)
ources 210 (2012) 233– 242 235

and surface diffusion of the electrode and can affect the reaction
rates in the electrode.

• Migration of species from the electrode composite microstruc-
tures occurs with a number of coal contaminants, such as Sb, in
which Sb reacts with Ni and forms NixSby near the anode surface
(Fig. 2) [20], or phosphorus (P), which forms NixPy and disrupts
the percolation of the electrode [19]. In both case Ni migrates
from the Ni–YSZ matrix to form secondary phases which affect
the electrochemical performance of the cell. As in the case of
NixSby and NixPy, many times the secondary phase is seen to
migrate to the anode surface.

• Composition changes occur in the electrodes when the compo-
nents of the microstructure react with a contaminant to form a
new material, such as in chromium poisoning where chromium
reacts with magnesium in the cathode to form spinel crystals
((Cr,Mn)3O4) [24].

• Electrochemical reactions of contaminant species with the elec-
trodes block the electrodes’ TPB sites and reduce the electrons
available for the main electrochemistry of the SOFC.

The classifications shown in Fig. 1 along with the modeling
parameters they affect can be used to develop models of the var-
ious degradation mechanisms occurring in the SOFC electrodes.
Classifying the various contaminants and degradation mechanisms
by their effects on the SOFC electrodes highlights the modeling
parameters influenced by the degradation mechanism and allows
similarities between degradation mechanisms to be easily identi-
fied. The categorization shown in Fig. 1 is based on the available
data on degradation in SOFCs. However, it is not meant to be an
exhaustive classification. As new data becomes available and new
issues arise in SOFCs this classification framework can be expanded
to include new degradation mechanisms and new theories on exist-
ing degradation mechanisms. The categories shown here are meant
to guide the development of computational models and to lay out
a framework for thinking about degradation. Additionally, degra-
dation mechanisms, such as those in Table 1, can fall into more
than one of the categories outlined in Fig. 1. For instance, phos-
phorus poisoning occurs when P reacts with Ni to form NiyPx

(composition), which causes an increase in volume of the Ni par-
ticles (particle forming/coarsening), leading then to the formation
of microcracks (instability/collapse) [19].

4. Degradation modeling

Based on the categorization of the various degradation mecha-
nisms in the SOFC electrodes, degradation models can be developed
to investigate the effects of degradation on the electrodes and
of operating and local conditions on the rates and magnitude of
degradation. Modeling degradation can take place at a number of
scales – from fundamental models investigating the reactions and
transport at the surfaces and interfaces of the electrodes [25–27]
to large-scale, stack-level modeling [28] that considers the effects
of degradation on overall system performance. We  focus on cell-
level models with the objective of resolving degradation within
the SOFC electrodes and having the ability to calculate the effects
of local degradation in the electrodes on the performance of a single
SOFC. We  propose a continuum damage approach [6] for modeling
degradation in the electrodes. In the continuum damage approach,
a damage factor is used to simulate the effects of structural damage.
In our degradation modeling, a damage factor (f) is used to modify
properties and model parameters of the electrodes, such as those

listed in Table 2 to account for the effects of a specific degradation
mechanism on the SOFC electrode.

Based on the categorization of the various degradation mecha-
nisms (Section 2), we can model the effects of a specific degradation
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Affect of contaminants/
degradation on the

electrodes

Structural

Flow Blockage , , , rg

Delamination , , , , ion , e-

Particle Formation , , , , rg, ion , e-

Instability/Collapse , , , , ion , e-

Chemical

Adsorption
Dsurf , TPB,  Kreact ,

KCT , , ion , e-

Migration fvol , TPB,  , ion , e-

Composition
fvol , TPB, Kreact ,
KCT , , ion , e-

Electrochemistry
TPB, KCT, , ion ,

e-

Electrochemistry

Fig. 1. Classification flow chart for degradation in the electrodes of an SOFC. Symbols are defined in the text and in Table 2.

Fig. 2. SEM images and X-ray elemental color map  of the effects of antimony on the upper region of an SOFC anode.
Reprinted from Marina et al. [20], with permission from Elsevier.
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echanism by modifying model parameters associated with that
echanism, as listed in Fig. 1 and Table 2. For example, if a contam-

nant species reacted with the SOFC cathode to form a precipitate
flow blockage), it would cause a decrease in the cathode’s porosity.
sing a damage factor, this phenomenon could be quantified as:
∗ = ε × (1 − f ), (1)

here ε is the initial porosity of the cathode before degradation,
* is the porosity after the precipitation has occurred, and f is the
amage factor with 0 ≤ f ≤ 1. The initial porosity is decreased based
n the damage factor. Depending on the degradation mechanism
f interest, f can be constant or a function of space, time, species
oncentrations, etc. The form of f will depend on the degradation
echanism of interest and can be determined from experimental

ata and/or detailed small-scale models.
The use of the damage factor affords a flexible modeling frame-

ork that can be used to consider various degradation mechanisms
nd allows the degradation model to be easily coupled with dif-
erent models. Two examples of degradation modeling in the SOFC
node will be discussed in Section 4. Both cases consider the effects
f a coal gas contaminant (Table 1) on the performance and prop-
rties of the anode using a damage factor model coupled with an
lectrode or cell level model.

. Degradation case studies

.1. Sulfur poisoning in an SOFC anode

Sulfur poisoning occurs when hydrogen sulfide (H2S) enters the
OFC anode with the fuel gas flow. H2S is a trace species often found
n gasified coal mixtures, and the amount of sulfur can vary signifi-
antly depending on the source of the coal and gasification process
5,12,17]. For example coal from Ohio and Pennsylvania typically
ontain 3%–10% sulfur by weight, while coal from Wyoming typi-
ally has less than 1% sulfur by weight [29]. To investigate the effects
f sulfur poisoning on SOFC performance, a degradation model was
eveloped based on applying a damage factor to the TPB length

n the anode. H2S has been shown to adsorb to the surfaces of
he anode and block H2 adsorption [23,30].  This reduces the sur-
ace area available for the electrochemical reactions in the anode,
ausing a reduction in the SOFC’s overall performance. In SOFC
odeling, the surface area available for electrochemical reactions

s represented by the TPB length. As seen in Fig. 1, an adsorption
egradation mechanism also could affect other parameters, such as
urface diffusion and reaction rates. Based on conversations with
xperimentalists [23], we concluded that TPB length was  the most
ppropriate parameter to reflect degradation due to sulfur poison-
ng.

Based on the experimental data of Zha et al. [3],  we developed
 functional form for the damage factor, which is a function of the
ocal gas concentration of H2S (cH2S) and temperature (T) in the
node. The damage factor is applied to the TPB length as:
∗
TPB = lTPB × (1 − f (T, cH2S)), (2)

here l∗TPB is the damaged TPB length and lTPB is the initial TPB
ength before the introduction of H2S to the gas stream. Zha et al.
3] performed button cell experiments on sulfur poisoning at 973 K,
073 K, and 1173 K at a constant voltage of 0.7 V. At each temper-
ture, experiments were run at seven different concentrations of
2S in the fuel stream (0.2, 1, 2, 4, 6, 8, and 10 ppm H2S ppm−1 H2).
he fuel mixture consisted of 50% H2, 48.5% N2, and 1.5% H2O.

The continuum-scale DEC model [7] was used to simulate the

OFC’s performance. The DEC model simulates the multi-physics
f the SOFC, including the electrochemistry, through the thickness
f the electrodes and electrolyte. In the DEC model, the electro-
hemistry takes place throughout the electrodes and is calculated
Fig. 3. Plot of the percent of SOFC performance decrease due to sulfur poisoning.
The lines represent the results of the degradation model, while the symbols are the
experimental data from Zha et al. [3].

using a modified Butler–Volmer relation [31], which calculates a
local Faradaic current density based on the local gas concentrations.
To determine the SOFC’s global current density, the local Faradaic
current density is integrated over the thickness of the electrodes.
The modified Butler–Volmer relation includes the TPB length of the
electrode as a parameter. The properties of the electrodes, such as
the TPB length, are allowed to vary spatially in the DEC model. This
feature was  used to model the damage factor locally within the
anode based on the local concentration of H2S.

A two-dimensional (2-D), axi-symmetric button cell geometry
based on the experimental setup of [32] was modeled using the
DEC model with a baseline (no H2S) fuel composition of 50% H2,
48.5% N2, and 1.5% H2O. H2S was  introduced to the button cell with
the flue gas at the concentrations used by Zha et al. [3].  H2S was
allowed to diffuse through the anode with the gas mixture, and the
local H2S concentrations were used to calculate the local damaged
TPB length:

l∗TPB(�x) = lTPB(�x) × (1 − f (T, cH2S(�x))). (3)

To determine a functional form of f, the degradation model was fit
to the data from Zha et al. [3] at 1073 K:

f (T, cH2S(�x)) = ˛(T) ln(cH2S(�x)) + ˇ(T), (4)

where ˛(T) and ˇ(T) are:

˛(T) = 3.01 × 10−22T6.71 (5)

ˇ(T) = −2.25 × 10−4T + 0.7164. (6)

Incorporating the functional form of f, the DEC  model was  used
to simulate the change in performance due to sulfur poisoning over
the temperatures and concentrations of H2S considered by Zha et al.
[3],  as well as the same concentrations at 1023 K and 1123 K. The
change in performance was  calculated as [33]:

P = io − i

io
, (7)
where io is the baseline current density of the cell (no H2S) and i is
the damaged current density of the cell.

Fig. 3 shows the performance decrease due to sulfur poisoning
predicted by the degradation model (solid lines) and experimental
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ig. 4. Mass fraction of H2S in the anode for 10 ppm H2S ppm−1 H2 (left) and 2 pp
long  the top of the anode. Note the order of magnitude difference in mass fraction

ata (symbols) reported by Zha et al. [3].  The constants in  ̨ and ˇ
Eqs. (5) and (6)) are fit to the experimental data of Zha et al. [3] at
073 K. Those constants are then used to model the same system at
73 K and 1173 K and are compared to the experimental data. The
egradation model is able to predict the performance decrease at
73 K and 1173 K with an average relative difference of 3.6%.

Using the DEC model allows us to resolve the local conditions
ithin the electrodes, such as the H2S concentration shown in Fig. 4

or the cases at 1073 K and with 10 and 2 ppm H2S ppm−1 H2. As
hown in Fig. 4, the mass fraction of H2S varies significantly through
he thickness of the anode, which will lead to different levels of
amage to the TPB length. Also, the mass fraction of H2S of the
0 ppm H2S ppm−1 H2 differs from that of the 2 ppm H2S ppm−1

2 by almost an order of magnitude, resulting in a roughly 4%
ifference in performance drop (Fig. 3).

Sulfur poisoning in the anode also depends on the operating
oltage [3] and steam to carbon ratio (SC) [34] of the SOFC. Inclusion
f these effects in the damage model, Eq. (3),  would increase the
pplicability of the model and allow for a more detailed study of
ulfur poisoning. Without including the effects of voltage and SC
he current model is limited to cases with the operating conditions
nd fuel compositions presented in Zha et al. [3].  Future research
n sulfur poisoning will endeavor to include the effects of voltage
nd SC to provide a more versatile modeling tool.

.2. Antimony in an SOFC anode

In this section, we demonstrate another anode degradation case
ith antimony, which exists in coal mainly as oxides (SbxOy) and

ulfides (Sb2S3). The Sb content in U.S. coals averages 1.2 ppm [35].
owever, higher concentrations, up to 3800 ppm, have been found

n specific coal deposits [36]. When gasified coal is used as a fuel

n SOFCs, volatized Sb will strongly interact with the Ni-YSZ anode.
fter an initial stage of a reversible antimony diffusion/adsorption-
riven poisoning, prolonged exposure to Sb results in extensive
ormation of nickel antimonide compounds (such as NiSb and
 ppm−1 H2 (right) at 1073 K. H2S enters the anode with the fuel from left to right
S between the two cases.

Ni5Sb2) inside the anode, which coalesces and eventually reduces
the electrical percolation of the anode, leading to an abrupt perfor-
mance loss in SOFCs [20]. Because YSZ is an electrical insulator,
the Ni evolution alone is responsible for changes in the electri-
cal conduction path. The percolation loss can then be described as
Ni depletion. Removing Ni reduces the electrical conductive paths
(electrical percolation) available between particles and causes a
reduction in the effective electrical conductivity of the anode, lead-
ing to the SOFC’s performance degradation. Here, it should be noted
that the removal of Ni is used to model the local electrical conduc-
tion loss due to the Ni consummation through the reaction with
contaminant materials or Ni migration.

In SOFC modeling, the electrical percolation can be represented
by the volume fraction of Ni (VNi). A damage factor (f) can be applied
to VNi to account for Sb poisoning as:

V∗
Ni = VNi × (1 − f ), (8)

where V∗
Ni is the Ni volume fraction of the damaged (poisoned)

anode.
To model the effects of Sb on VNi, a microstructure-based finite

element (FE) model of the Ni–YSZ anode was  developed. For com-
putational convenience, a representative volume element (RVE)
was modeled instead of the entire anode structure. The scanning
electron microscope (SEM) image of the Ni–YSZ microstructure [19]
(shown in Fig. 5a) is the RVE representing a cross section of the
Ni–YSZ anode. It is a rectangular section with a thickness (Do) of
30 �m and width (Lo) of 42 �m.  Mixed elemental mapping of the
SEM image analyzed using ImageJ gives the initial area fractions of
Ni (red), zirconia (blue), and pores (black) within the microstruc-
ture. A 2-D triangular mesh was  created with the grid generation
software package, Gridgen (shown in Fig. 4b), and exported into
ABAQUS for FE modeling and analysis. A thermal electrical analysis

was conducted on the RVE with 31,700 coupled thermal–electrical
linear triangular elements and 17,446 nodes.

Because the size of Ni–Sb crystallites increase with Sb concen-
tration and exposure time [20], we  propose a functional form for
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F del of the anode RVE. Nickel is shown in red, YSZ in blue, and the pores in black (shown
w e reader is referred to the web version of this article.)

t
p
S
d
w
R

V

A

c

w
D
b

f

w
f
[
i
d

F

w
c

t
o
s
l
a
t
t
a
s

i
d
t
c
s
t
o

�

Note the electrical conductivity of YSZ is assumed to be 1/100 of the
Ni conductivity. This is done to achieve an initial closed circuit for
the current 2-D model. In a more realistic three-dimensional case,
the electrical conductivity of YSZ should be even smaller.

Table 3
Baseline material properties of Ni and YSZ.

Electrical Thermal Specific heat
ig. 5. (a) Ni–YSZ microstructure and distribution of the phases and (b) the FE mo
hite  in (b)). (For interpretation of the references to colour in this figure legend, th

he damage factor as f(cSb(x,t)) to compute the overall electrical
ercolation loss of the anode. Here, cSb(x,t) is the transient local
b concentration, and x = D/D0 represents the normalized depth. D
enotes the depth from the anode top surface (at the fuel channel)
here Sb starts to penetrate, and D0 is the overall thickness of the
VE. We  can then write Eq. (8) as:

∗
Ni(x) = VNi(x) × (1 − f (cSb(x, t))). (9)

ssuming a Heaviside functional form for cSb(x,t) as:

Sb(x, t) = cSb(x) ×
∫ t

0

ı(t − tp(x))dt, (10)

here tp(x) is the time when Sb penetrates to depth x and ı is the
irac delta function, we can then assume that the damage factor f
ehaves as a step function:

 (x, t) =
{

0 t < tp(x)
F(x) t ≥ tp(x)

, (11)

here F(x) is a functional form of the damage factor, which accounts
or the local Sb concentration at t ≥ tp. As observed by Marina et al.
20], the concentration of Sb (cSb) decreases with increasing depth
nto the anode support. Based on this observation, we assume a
ecreasing linear function for F(x) as:

(x) = F0 − a × x (12)

here F0 and a are parameters, depending on different operating
onditions and Sb concentrations.

To simulate Sb poisoning, the RVE is divided into i layers through
he RVE’s thickness, which is used to approximate the progression
f Sb degradation through the anode’s thickness. Degradation is
imulated by randomly removing F(di) of the Ni elements from each
ayer, where di represents the normalized depth of the ith layer
nd F(di) is the volume fraction of nickel removal at each layer. In
his manner, the linear decrease of F(x) is implemented through
he anode over a specified degradation time. Fig. 6 illustrates the
pproximation of the continuous linear function F(x) by the discrete
tep function F(di).

The change in anode performance is evaluated by the normal-
zed electrical conductivity per thickness �̄∗ versus the normalized
egradation time, t*, where �̄∗ = �̄e/ �̄0

e and t∗ = t/t0
p. t0

p is the
ime at which the whole RVE would be poisoned. The electrical
onductivity per thickness is normalized by the baseline (no Sb poi-
oning) ( �̄0

e ). The damaged electrical conductivity per thickness of
he anode ( �̄ ) is calculated as the average electrical conductivity
e

ver the RVE:

¯ e = D0 Ī

L0U
,  (13)
Fig. 6. Schematic illustration of the linear degradation function F(x) and the step
approximation F(di) used in the FE simulations.

where Ī is the average current and U is the applied voltage. As Ni
is removed from the RVE due to Sb poisoning, the effective electri-
cal conductivity of the RVE is degraded due to the poor electrical
conductivity of YSZ (Table 3). As Ni is removed, the average current
throughout the RVE decreases, causing a decrease in �̄e. As such, the
degradation of anode electrical conductivity due to Ni depletion is
explicitly resolved in the microstructure-based FE simulations.

To investigate Sb poisoning, six FE simulations were preformed
considering the effects of different patterns and magnitudes of Ni
depletion in the anode. Three cases were run to investigate the
effects of anode thickness (Do) on Ni depletion, and three cases
were run with a linear depletion of Ni with various Fo and a values.
For all simulations, the top and bottom sides of the RVE are kept at
a constant temperature of 1123 K, and a 1.0 V operating voltage is
applied to the anode. Antimony is introduced to the anode with the
gas flow at the top surface of the anode (x = 0). The material prop-
erties of Ni and YSZ used in the FE simulations are listed in Table 3.
conductivity
(S m−1)

conductivity
(W/(m K))

(J/(kg K))

Ni 2.52E+6 90.9 5.4E+2
YSZ 2.52E+4 2 6.3E+2
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The first three cases consider the effects of anode thickness (Do)
n the degradation of the anode electrical conductivity due to Sb.
he predicted electrical conductivity degradation of Ni–YSZ anodes
ith different thicknesses is shown in Fig. 7, where a constant F(di)

s assumed as 0.3. Antimony penetrates the anode at a constant
peed, which means tp(di) is proportional to di. The thicker anode
icrostructures are obtained by stitching multiple RVEs together.

he results show the different anode thicknesses do not affect the
ormalized degradation pattern. This indicates that the normalized
b poisoning pattern is independent of the actual anode thickness,
nd the 30-�m-thick anode microstructure can be deemed as an
VE. As a result of these calculations, the following analysis was
erformed on the single RVE (D0 = 30 �m).

In addition to the overall reduction of electrical conductivity, Ni

epletion in the anode also increases current density at localized
hot spots” in the anode as the system attempts to maintain the
verall applied voltage (Fig. 8). These current density hot spots will
ead to localized temperature increase due to Joule heating (Fig. 9). Fig. 7. Plot of the damaged electrical conductivity of the Ni–YSZ anode over time

for  three different anode thicknesses.

Fig. 8. Distribution of electrical current density (A mm−2) in the Ni–YSZ anode before (a) and after (b) antimony poisoning.

Fig. 9. Distribution of Joule heating in the Ni–YSZ anode before (a) and after (b) antimony poisoning.
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ig. 10. Plot of the electrical conductivity degradation of the Ni–YSZ anode supports
nder different environmental Sb concentration conditions.

n the poisoned anode, there are an increased number of hot spots
excessive heating areas) in comparison with the baseline case. This
s due to the significant decrease in continuity between the conduc-
ive Ni particles after nickel removal, which leads to current density
hanneling through the remaining Ni particles and increased local-
zed Joule heating near the channels. The localized temperature
ncrease will potentially accelerate secondary reactions and lead to

 further reduction in anode performance.
Fig. 10 shows the electrical conductivity of the RVE for four dif-

erent damage function cases with F(di) defined by Eq. (12). These
ases are used to represent different operating conditions and Sb
oncentrations, which can lead to different degradation rates and
agnitudes. From the simulations, it is clear the anode generally

xperiences a rapid initial conductivity drop. Two  of the four cases
onsidered in Fig. 10 use a uniform degradation function, where

 = 0. The other two cases exhibit linearly decreasing degradation
long the penetration depth, causing the electrical conductivity to
ore rapidly reach their respective steady-state plateaus. These

esults are similar to the experimentally observed effects of Sb poi-
oning [20]. If F(di) is allowed to increase further after tp(x), it is
xpected that the Sb poisoning eventually will lead to the ultimate
ailure of the SOFC.

As a note, the essential purpose of this study is to establish a
echanistic framework to describe the Sb-induced degradation
echanism based on the reconstructed micro-structural model.

hough the proposed damage factor may  not be precise due to
he limited detailed information available for the whole Sb poi-
oning propagation process, the predicted degradation trend can
till be used to establish the maximum permissible percolation loss
ithout affecting the fuel cell performance, which can be further

mplemented into a stack-level simulation to evaluate the SOFC
ifetime.

. Conclusions

In this paper, we presented a degradation modeling framework
or investigating degradation in the electrodes of electrochemical
evices such as SOFCs. The modeling framework provides a flexible
ethodology for investigating various types of degradation in SOFC

lectrodes. A classification framework was presented that allows
he various degradation mechanisms to be categorized based on

heir electrochemical, structural, and chemical effects on the SOFC.
lassifying degradation mechanisms prior to modeling can help

dentify the appropriate parameters to focus degradation modeling

[

[

ources 210 (2012) 233– 242 241

and the proper scales and simulation tools for investigating the
problem of interest.

The use of continuum damage mechanics to investigate degra-
dation in SOFC electrodes also was presented. Based on the
classification of the degradation mechanism, a damage factor can
be used to model the degradation of specific microstructural and
electrochemical properties affected by the degradation mechanism
of interest. The damage factor model can be coupled to SOFC com-
ponent, cell, and stack-level models to simulate SOFC performance
degradation as was  done in Section 5.1 with the H2S damage model
and the cell level DEC model.

The continuum mechanics-based degradation modeling frame-
work has been exercised on two  degradation case studies for the
SOFC anode: sulfur and antimony poisoning. These two degrada-
tion mechanisms have different effects on the SOFC’s electrode
properties and performance. However, the same modeling strat-
egy was  applied to both mechanisms. To model sulfur poisoning,
a distributed electrochemistry model [7] was used to investigate
the effects of sulfur on the local TPB length and how damage to
the local TPB length affects global SOFC performance. The model
can incorporate the dependence of sulfur poisoning on the tem-
perature and local concentration of H2S and could be extended to
consider the effects of voltage and SC on poisoning. For antimony
poisoning, the effects of Sb on the reduction of normalized electrical
conductivity of the anode was  predicted with microstructure-based
FE methods under different conditions. The results show that with
a linearly decreasing damage factor, the correct trend in decreasing
anode electrical conductivity can be predicted and matches those
observed experimentally for Sb poisoning.

Currently, research into alternative degradation mechanisms in
SOFCs and other electrochemical devices is ongoing. We plan to
apply the degradation modeling framework to other degradation
issues in SOFCs, including those at the stack level. Also, although the
framework is discussed in terms of SOFCs, it is applicable to degra-
dation in the electrodes of other electrochemical devices, such as
cycling degradation issues found in lithium-ion (Li-ion) and Li–air
batteries.
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