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Abstract

A finite element model of the impact of diverse degradation mechanisms on the impedance spectrum of a solid oxide fuel cell is presented
as a tool for degradation mode identification. Among the degradation mechanisms that cause electrode active area loss, the attention is focused
on electrode delamination and uniformly distributed surface area loss, which were found to cause distinct and specific changes in the impedance
spectrum. Degradation mechanisms resulting in uniformly distributed reactive surface area loss include sintering, sulphur poisoning, and possibly
incipient coke formation at the anode, and chromium deposition at the cathode. Parametric studies reveal the extent and limits of applicability of
the model and detectability of the different degradation modes, as well as the influence of different cell geometries on the change in impedance
behaviour resulting from the loss of active area. It is expected that this technique could form the basis of a useful diagnostic tool for both solid

oxide fuel cell developers and users.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Although SOFCs are an attractive alternative to fossil fuel
combustion for power generation because of their high effi-
ciency, their viability is still subject to the solution of problems
associated with their reliability, durability, and cost. Cell degra-
dation is an important phenomenon related to the first two of
these categories. Many types of degradation mechanisms have
been identified in SOFCs. They range from thermo-mechanical
issues such as electrode delamination and electrolyte cracking,
to thermo-chemical phenomena such as electrode poisoning and
microstructure coarsening. The nature of these mechanisms is
very diverse, and so are their potential corrective actions. Some
of these degradation mechanisms are reversible, such as early
stage carbon deposition [1] or sulphur poisoning [2], whereas
others are irreversible, for example electrode delamination [3]
and electrolyte cracking. Despite their difference in nature, the
effect of these degradation modes on cell performance in long-
term degradation testing is common to all of them: a loss in
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available potential at constant current load. In other words, it
is not possible to identify a specific degradation mechanism or
combination of mechanisms by observing only changes to the
DC potential of the cell at constant current. Thus, there is a need
to develop a diagnostic technique that allows the identification of
a specific degradation mechanism of SOFCs in a minimally inva-
sive way. Such a technique would be a useful tool for diagnosis
of both a cell in service or under research, where identifying the
nature of a degradation mechanism could save the disassembly
time required for a direct observation. In the case of reversible
degradation, the method would indicate the possibility to cor-
rect the failure while the fuel cell is in operation. In the case of
irreversible degradation, the method would aid in identifying the
specific cause of failure of a component that needs replacement,
so that operating conditions or cell or stack materials or designs
could potentially be adjusted in subsequent tests to minimize
further degradation.

Impedance spectroscopy is a well-known technique used to
study electrochemical characteristics of systems such as bat-
teries, capacitors, and fuel cells, and which is widely used in
disciplines such as corrosion and materials science. It consists
of measuring the impedance of a system at different frequencies
by superimposing a small voltage or current perturbation onto
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the voltage or current operating point. The underlying idea is
that individual processes will appear in the impedance spectrum
at different frequencies, according to their inherent rate. For
example, a charge transfer process is likely to appear at higher
frequencies than a slower diffusional process. This technique is
convenient because it is minimally invasive, and it can be used on
systems in operation. Its resolution in frequency allows the sep-
arate study of simultaneous cell processes, potentially enabling
their individual optimization. The method described in this work
relies on impedance spectroscopy as a tool to characterize the
SOFC and its degradation modes.

Among the various mechanical degradation modes that cause
loss of active electrode area, electrode delamination has been
commonly reported as a consequence of thermal or redox cycling
that degrades the interface between adjacent layers [3]. The
interruption of the ionic conduction path renders part of the
electrode under-utilized, resulting in the cell losing almost the
entire electrode area projected from the delamination in the main
direction of the current [4]. Other degradation modes that cause
a loss of active area include cathode chromium poisoning [5]
and anode sulphur poisoning [2] and anode nickel sintering
[6], in this case by blocking reaction sites or coarsening the
electrode microstructure, respectively. These degradation modes
are distributed through the electrode volumes, uniformly in the
case of anode sintering, or more highly localized at triple phase
boundaries, in the case of cathode chromium poisoning.

This work presents impedance modeling results that allow
a comparison of the impact of delamination with that of other
degradation mechanisms that involve a loss in electroactive sur-
face area. Furthermore, the results for delamination and for these
other mechanisms are compared among different geometrical
cell configurations, such as anode, electrolyte, and interconnect-
supported cells, and the effects of different layer thicknesses on
the limits of resolution and detectability are presented.

2. Numerical model

An operational SOFC is modeled using finite elements.
The geometry considered in the model is restricted to the
anode—electrolyte—cathode system. Ongoing work expands the
model to include the interconnect plates. Fig. la—c show the
modeled geometries, which correspond to circular button cells,
with 16mm diameter electrodes, in electrolyte (ESC), anode
(ASC), and interconnect (ISC)-supported cell configurations.
The circular geometry allows the 2D axi-symmetric simplifica-
tion. The leftmost vertical centerline indicates the axi-symmetry
axis. These layer thickness geometries correspond to those of
typical planar SOFCs with the respective supporting layers, and
the in-plane geometry corresponds to that of a standard labora-
tory scale button cell that is commonly used to study each type
of fuel cell. Simulated materials are 8 mol% yttria-stabilized
zirconia (8YSZ) for the electrolyte, a 50 vol% lanthanum stron-
tium manganite (LSM)/50 vol% Y SZ composite for the cathode,
and a 40 vol% Ni/60 vol% YSZ composite for the anode, with
both electrodes having 40% porosity. Electrochemical data were
taken from the literature and from in-house experiments. These
values are shown in Table 1. As a first approximation, the model
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Fig. 1. Modeled axysimmetric geometry corresponding to a circular button cell
whose electrode is 16 mm in diameter. (a) Electrolyte-supported configuration,
(b) anode-supported configuration and (c) interconnect-supported configuration.

neglects any reactant concentration gradients, corresponding to
very low fuel utilization and low current density, as well as any
concentration polarization. The simulation is performed at OCV
conditions. The system is also approximated as isothermal, a
reasonable approximation for a small size cell.

This model consists of the solution of the charge trans-
fer equations over the electrode and electrolyte volumes. The
approach is based on modeling averaged porous composite
properties as described in Newman and Tobias [7]. The solved
unknowns are the electronic (in the electrodes) and ionic (elec-
trodes and electrolyte) potentials, for both the AC and DC cases.
The charge balance equation is, in general,

9
V.i= Sig(n) + SCa 8—;7 (1)

where i is the ionic or electronic current density vector (A m2),
S the electrochemically active surface area of the medium per
unit volume (m’l), ir the Faradaic current density (A m~2),
n the local overpotential (V), Cq; the double layer capacitance
associated with the interface between the ionic and electronic
conducting phases (F m_z), and ¢ is the time (s). The overpo-
tential is defined as the difference between the potentials of the
electronic (®@gLg) and ionic (P1oN) phases with respect to an
equilibrium potential (PRrgF):

n = PgLE — PioN — PREF (2)

Eqg. (1) is the result of balancing the charge flux over a dif-
ferential volume element. The difference between input and
output of charge to the element is the Faradaic production or
consumption of charge, plus the time-dependent charging of the
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Table 1

Input parameters used in the model for calculation of the impedance behaviour of the intact cell

Property Symbol Value Ref.
Operating point (V) \4 1

Open circuit potential (V) OoCV 1 [9]
Volumetric anode exchange current density (A m~3) SANOiI0,ANO 2.2 %107 [10]
Volumetric cathode exchange current density (A m—3) Scario,caT 2.2 %107 [11-13]
Double layer capacitance, anode (F m~2) C41,ANO 0.4 [9]
Double layer capacitance, cathode (F m~2) Cal.CAT 90 [11-13]
Electrolyte ionic conductivity (S m 1) kION ELY 4.1 [9]
Effective anode ionic conductivity (S m~) kron,ANO 0.29 [14]
Effective cathode ionic conductivity (S m 1) kioN,cAT 0.24 [14]
Effective anode electronic conductivity (S m1) kELE,ANO 48 x 103 [14]
Effective cathode electronic conductivity (S m 1) KELE,CAT 1.6 x 10° [14]
Temperature (°C) T 850

Peak to peak perturbation voltage (mV) A<P0AC 20

Charge transfer coefficients, anode O0ANO,ANO; ANO,CAT 2;1 [15]
Charge transfer coefficients, cathode C{CAT,ANO; CLCAT,CAT 1.5; 0.5 [16]

double layer. Ohm’s law relates current density and the potential
gradient:

i=—kV, (3)

where £ is the effective (i.e. it considers porosity and tortuosity)
conductivity for the species (ions or electrons) in the medium
(2 'm™1), and @ is the electric (ionic or electronic) potential
(V). Substituting the current density in Eq. (1) by the expression
given by (3) yields

0
—V - (kV®) = Sip(n) + SCal FZ )

If the effective conductivity k is independent of the spatial
coordinates, the divergence term becomes the Laplacian of the
potential: —kv>®. This assumption holds hereafter in this work.
The Laplacian is expressed in axi-symmetric coordinates as:

1 @ 2
2=k (L0 (02), P2
r or or 972

A further simplification of Eq. (4) is possible in the DC case,
for which the time derivative vanishes, yielding:

—kV2® = Sip(n) (5)

No double layer charging occurs in this case.

The source term relates the local (a.k.a. Faradaic) current
denstity to the local overpotential. For example, the Faradaic
ionic current generated in the DC cathodic reaction is given by

acaT,ANOF
——————1]CAT

IF,ION,CAT(17) = i0,CAT [GXP ( RT

acar,catF
—exp (_;T 4 UCAT)} , (6)

where ig car is the cathodic exchange current density (A m_2),
a;; the charge transfer coefficient for the reaction with the first
subindex indicating the electrode and the second subindex indi-
cating the anodic or cathodic direction, F' the Faraday constant
(Asmol™1), R the universal gas constant (J mol~1 K~1), and
T is the absolute temperature (K). The reference potentials are

those corresponding to open circuit against a reference electrode.
Replacing the source term in Eq. (5) with the expression in Eq.
(6) yields:

acAT,ANOF
——————1]CAT

—kion,caT V2 ®1oN = SCATI0.CAT [GXP ( RT

acar,catF
— exp — gy lcar @)

The charge conservation condition is obtained by setting the sum
of the divergences of the ionic and electronic current densities
equal to zero:

V-iloN+ V- igtg =0 (¥

Physically, this equation means that the total flux of current at
the electrodes equals the sum of the electronic and ionic current
fluxes. Mathematically, this relation indicates that the source
term of the electronic current equivalent to Eq. (7) is numeri-
cally identical to that of Eq. (7), but with opposite sign. Similar
equations are applicable to the anode side, using the appropriate
anodic kinetic terms.

The only DC equation for the electrolyte corresponds to the
ionic current balance, and the absence of electrochemical reac-
tions in this domain implies that the Faradaic source term is
equal to zero:

Vidon =0 9

The resulting DC equations are solved for the electrical poten-
tials with a finite element solver (Comsol Multiphysics, Comsol
AB), using boundary conditions of the Dirichlet type for the
electronic potentials at the current collectors:

(pELE|cath0de current collector = VCELL
(10)
PELE | anode current collector = ov

Here VcgLL is the operating voltage of the cell. The electronic
potential at all other boundaries, and all ionic potentials, have
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Neumann (insulation) boundary conditions:

P 1
on (n

The AC response of the system results from assuming lin-
earity between input and output. This statement implies that the
response to a sinusoidal potential perturbation is also sinusoidal
and does not contain harmonics of different frequencies other
than the perturbation frequency.

As an example, we consider the application of the charge
balance in Eq. (4) to the ionic current in the cathode:

2
—kion,caT V- P1oN

Oncar
ot

= ScarCai,cat

acAT, ANOF
——————T1CAT

+ ScaTi ex
CAT?0,CAT { p ( RT
acar,catlt’

—exp <— RT UCAT)] (12)

Decomposing the total potential into its AC and DC parts:

D = ¢bC elot
ELE = Pgrg + ELE (13)

wt
PioN = ‘DION ION o

and linearizing the resulting expression on account of the
small size of the AC component, yields the following time-
independent expression:

2 £ AC
—kion,cat V- Pion

. AC
= ScarCai,cat jo(PpE — PISN)

acar,ANOF
il iele (p
RT (PELE — PION)

acaT,ANOF pc
X exXp T RT NcaT

~+ Scatio,caT

acar,cat ¥

S ] @AC
+ Scatio,cAT RT (PRLE — PISN)

X exp <—

Expressions analagous to Eq. (14) apply to each domain.
These equations are simultaneously solved for a desired range
of frequencies, usually between 1 MHz and 0.1 Hz, with the
following boundary conditions:

F
CLCAT,CAT e ) (14)

RT CAT

AC
—AD)
AC
(DO

AC
¢ELE | cathode current collector =

15)
AC (
®ELE |anode current collector = +A

where A(DOAC is the perturbation amplitude. Again, Neumann
(insulation) boundary conditions apply everywhere else for the
electronic potential, and everywhere for the ionic potentials.
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Fig. 2. Model result for a symmetric cathode button cell (thick solid line), com-
pared to experimental data (dots). The model can reproduce the arc flattening
using constant phase elements as the capacitative component in equation (14)
(thin solid line). Conditions: 850 °C, air.

Using Eq. (3) it is possible to find all current densities, based
on the calculated potentials.

DC _ DC
iion = —kioNVPoy
DC _ DC
igrg = —keLeV Pgrg
I (16)
iion = —kioNV Pion
AC _ AC
igrg = —keLEV Pgrg

The impedance is the ratio between the applied voltage pertur-
bation magnitude and the AC current density computed at either
of the current collectors.

2APHC
Z(w) = 17

i ELE ()] current collector

Fig. 2 shows the result of this impedance model applied
to an electrolyte-supported, symmetric cathode button cell
(cathode—electrolyte—cathode), and its comparison to an exper-
iment performed at 850 °C at OCV in air. The experimental cell
consisted of a 1 mm thick 8YSZ (Inframat Advanced Materi-
als, CT, USA) circular pellet, with screen printed composite
cathodes (50vol% LSM-50vol% YSZ) on both sides. The
impedance spectrum was obtained using a Solartron 1260 fre-
quency response analyzer (London Scientific, ON, Canada),
with no DC bias. Equivalent results obtained using different air
flow rates confirmed the assumption of negligible diffusional
effects for this experimental case. The electroactive surface area
S and the cathode double layer capacitance are the only fit-
ting parameters used to match the polarization resistance and
the peak frequency, respectively. The high frequency intercept
was subtracted from both spectra to allow a better comparison
of the arc shapes. The model is able to adequately reproduce
the experimental data, supporting the validity of the modeling
assumptions for the comparison experimental case of a button
cell with low fuel utilization and current density. The experi-
mental arc shows a flatter shape, a phenomenon that has been
attributed to the fractal nature of the interface or to a non-uniform
distribution of microstructural properties [8]. The model could
reproduce this flattening (thin line in Fig. 2) by adding a third
adjustable parameter, namely an exponent y affecting the jwCy
term in Eq. (14). This modification, however, does not improve
the predictive capability of the model with respect to changes
in polarization or series resistance or peak frequency resulting
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cathode

electrolyte

anode

Fig. 3. Circular delamination of radius a at the centre of the circular cell, between
the cathode and the electrolyte.

from cell degradation, since changes in the value of the expo-
nent do not change those physical properties. This modification
would imply representing the capacitive component of the elec-
trochemical interface of the electrode with a constant phase
element, as opposed to a capacitor. The impedance shown in
Fig. 2 (thin line) was calculated using y =0.88. An exponent
equal to unity corresponds to the case of an ordinary capacitor.

3. Results and discussion
3.1. Delamination

In the model, a delamination of the electrode is simulated by
an array of elements with the dielectric properties of air inserted
between the electrode and the electrolyte, as illustrated in Fig. 3,
shown for the cathode delamination case. The indicated lengths
correspond to radii of a circular cell. Therefore, the delamination
constitutes a circular and concentric detachment of the electrode
layer.

Fig. 4 shows a comparison of the spectra for electrolyte,
anode, and interconnect-supported cell configurations (a: ESC,
b: ASC, and c: ISC), for a delamination of 30% of the cathode
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Fig. 4. Impedance spectra change caused by a cathode (bold lines) and anode
(dotted lines) delamination of a/L=0.55 (30% delaminated area) for different
supporting configurations: (a) electrolyte-, (b) anode-, and (c) interconnect-
supported cell.

Table 2
Changes in series and polarization resistances after 30% cathode or anode area
delamination

Cathode delamination Anode delamination

ESC ASC ISC ESC ASC ISC
Rg/Rs 0.780 0.712 0.710 0.776 0.708 0.709
Rg/Rp 0.725 0.713 0.713 0.755 0.711 0.715

R(S)/Rs and Rg/Rp equal to 0.7 corresponds to the full-shadowing case, that is,
total deactivation of the affected area by delamination. A larger number indicates
that less than full shadowing has occurred.

or anode area, i.e. a/L=0.55, with a equal to the radius of a con-
centric delamination, and L equal to the electrode radius. The
thin line curves correspond to the spectra of the intact cell, the
bold line curves indicate the spectra of the cathode-delaminated
cell, and the dotted line represents the anode delamination case.
Series and polarization resistances change as shown in Table 2,
where we present this change in normalized resistance form. The
normalized resistance is equal to the ratio of the original to post-
degradation resistance, applied either to series or polarization
resistance. Therefore, a value of unity corresponds to the intact
state, and a value of zero represents total loss of performance.

The comparable increase in series and polarization resistance
is attributed to a shadowing of the cell caused by the delamina-
tion, which essentially deactivates the regions above and below
the delamination gap due to the high aspect ratio of the cell that
makes in-plane ionic current conduction negligible compared
to through-thickness conduction. In this example, a normalized
resistance value of 0.7 (30% loss of performance) indicates full
shadowing, whereas the shadowing is not total if this value is
higher than 0.7. This effect is observed both for anode and for
cathode delamination, and the extent of this shadowing is larger
in thinner electrolytes. Fig. 5 shows the normalized DC ionic
current density lines within the cell, ranging from magnitudes
close to 0 (below the delamination) to 1 (within the unaffected
region). It is apparent that very low in-plane conduction of oxide
ions within the electrolyte renders the electrode volume above
and below the delamination under-utilized.

[ T

{

0.05 0.1 0.4 / 0. 1.0

=)

Fig. 5. Fractional DC ionic current density distribution illustrating the shadow-
ing effect created by a cathode delamination of 30% of the total electrode area.
A value of unity indicates the maximum current density for the modeled case.
The current density is very low in the region below the delamination.
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Table 3
Changes in series and polarization resistances after 30% cathode delamination,
for different cell geometries, all for an anode-supported configuration

Electrolyte thickness (pm) 5 10 20
RY/Rs 0.712 0.712 0.712
RU/Rp 0.712 0.713 0.713

Anode thickness (pm) 500 700 1000
RY/Rs 0.711 0.711 0.712
RU/Rp 0.713 0.713 0.713

Cathode thickness (um) 10 20 40
R%/Rs 0.715 0.714 0.712
RY/Rp 0.715 0.714 0.713

From top row: different electrolyte thicknesses (m), different anode thicknesses
(pm), and different cathode thicknesses (um).

An illustrative way to visualize the change in series and in
polarization resistance as a function of active area loss caused
by delamination is shown in Fig. 6. Here, the normalized resis-
tance change is shown as a function of the fraction of electrode
area lost by delamination, for: (a) electrolyte-, (b) anode-, and
(c) interconnect-supported configurations. The normalized ratio
for the intact cell corresponds to unity, and for the completely
delaminated cell corresponds to zero. In this way, it is possible to
compare both resistances consistently, as a function of lost cell
area. Fig. 6 indicates that delamination affects both polarization
and series resistance in the same proportion, due to destruction
of reaction sites and of conduction area, respectively. Due to the
aforementioned very low in-plane ionic conduction, the shad-
owing is more complete in the thin-electrolyte cases, i.e. ASC
and ISC. The A/A¢ line corresponds to the complete shadowing
case, in which the area above and below the delamination has
been completely deactivated.

From an experimental standpoint it is expected that the series
resistance change caused by a small fraction of delaminated area
would be difficult to detect in the case of cells with thin elec-
trolytes (ASC and ISC cases), since the increase represents a
small fraction of a small number. For example, the series resis-
tance change in this case is 0.02  cm? for both the ASC and
ISC cases, a value that may be within the experimental scatter
of an impedance measurement. The change in series resistance
for the ESC case, on the other hand, is 0.7 Q2 cmz, a change that
is much easier to detect within experimental tolerances.

Because of the variety of SOFC geometrical configurations
in use, a study of the influence of different layer thicknesses on
the detectability of delamination was performed. Figs. 7-9 show
the aforementioned case of 30% area loss by cathode delami-
nation on anode-supported cells for: three different electrolyte
thicknesses (Fig. 7), three different anode thicknesses (Fig. 8),
and three different cathode thicknesses (Fig. 9). Again, the intact
case is given in thin lines for comparison. The results for changes
in series and polarization resistances are shown in Table 3. The
only case where a layer thickness may influence detectability
within the range of thicknesses studied is in the case of a thin
cathode (<40 wm), i.e., one for which the electrode volume is
fully utilized, and for which a thicker cathode, by providing
more reaction sites, would increase the fuel cell performance.
In this case, the larger initial polarization resistance of the thin
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Fig. 6. Normalized polarization resistance and normalized series resistance as a
function of the fraction of delaminated cathode area (solid square: Rg/Rp, empty
diamond: R(s)/Rs), and of the fraction of delaminated anode area (empty circle:
Rg/Rp, Cross: Rg/Rs). The line A/A¢ is plotted for comparison. Both polarization
and series resistances scale with the extent of area loss, with no substantial
difference between cathode or anode delamination. (a) ESC, (b) ASC and (¢)
ISC.
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Fig. 7. Effect of electrolyte thickness on the impedance of an anode-supported
cell with 30% delaminated cathode area. Thin lines: intact case; bold lines:
delaminated case.

cathode makes it easier to identify a change in polarization resis-
tance caused by a detachment of the cathode. In all of the cases
with varying layer thicknesses, the same fundamental increase
of polarization and series resistances in proportion to the delam-
inated area occurs, regardless of the cell geometry. This result
suggests that even with increasing layer thicknesses within the
range of typical ASC SOFC layer geometries, the large aspect
ratio of the cell cannot be compensated, and so the shadowing of
active sites occurs for thicker electrode and electrolyte layers as

14 anode thickness = 500um
0 M\ |
m§ 19 anode thickness = 700um
[&]
£
£
e
i B
£
= 0 T T 1
1 anode thickness = 1000um
y m |
0 1 2 3

Re (Z (Ohm cm?))

Fig. 8. Effect of anode thickness on the impedance of an anode-supported
cell with 30% delaminated cathode area. Thin lines: intact case; bold lines:
delaminated case.

o cathode thickness = 10um

0 T T T 1

29 cathode thickness = 20um

0 T 1 T

cathode thickness = 40um

T 1 T T ]
0 1 2 3 4 5

Re (Z (Ohm cm®)

Fig. 9. Effect of cathode thickness on the impedance of an anode-supported
cell with 30% delaminated cathode area. Thin lines: intact case; bold lines:
delaminated case.

it does for thin layers. Performance loss is slightly more serious
for thinner electrolyte configurations, but the difference in resis-
tance change between the thinner and thicker electrolyte cases
is likely too small to be detected experimentally in an ASC.

3.2. Loss of electro-active surface area

Electrode delamination degrades the SOFC performance by
making the affected part of the cell area unusable. This phe-
nomenon can be interpreted as a direct loss of electrochemically
active surface area for reaction. Although other degradation
mechanisms such as anode sintering, incipient coke forma-
tion, and chromium or sulphur poisoning also cause a loss in
electrode electrochemically active surface area, the impedance
behaviour changes observed as a result of these degradation
mechanisms are qualitatively and quantitatively distinct from
those corresponding to delamination, and proper interpretation
of the impedance spectra could yield useful insight into the cell
condition. These mechanisms affect the cell performance by uni-
formly decreasing the electroactive surface area available for
reaction. In terms of the present model, they correspond to a
decrease in the value of S in Eq. (1).

Fig. 10 shows the impedance spectra of an electrolyte-
supported cell with four different scenarios of 30% active surface
area loss, compared to the intact cell spectrum. In the first case
we simulate a 30% reduction of Scar, the cathode active surface
area, such as that which could result from chromium deposition
covering 30% of the triple phase boundary reaction sites of the
cathode. In the second case, we show a 30% reduction of SaNo0,
the anode active surface area, such as that which could result
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Fig. 10. Impedance spectrum differences among different degradation mech-
anisms that produce 30% loss of active surface area. From top to bottom: (1)
intact cell, (2) 30% uniform surface area loss at the anode, cathode, and at both
electrodes, (3) cathode and anode 30% area loss by delamination.

from anode sintering resulting in a 30% reduction in total anodic
surface area, or from sulphur poisoning with a sulphur species
covering 30% of the active reaction sites at the anode, while leav-
ing other reaction sites essentially intact. In the third case, we
show a 30% reduction of both anode and cathode active surface
areas, corresponding physically to both mechanisms described
above occurring simultaneously, in order to allow a more quan-
titative comparison with the behaviour of a delaminated cell, in
which both electrodes become under-utilized due to a shadow-
ing effect caused by the delamination. In the last case, we show
the result of 30% of the cathode area and, separately, of 30% of
the anode area having delaminated from the electrolyte.

While the arc diameters (Rp) of the degraded electrodes
slightly increase in each of the three cases of uniformly dis-
tributed surface area, both arc diameters increase, and to a larger
extent, in the case of delamination. Moreover, the high fre-
quency intercept (Rs) only increases in the case of delamination,
since only here does the conductive area change. This statement
assumes that the influence of current constriction is negligible.
The reason for the difference in the extent of polarization resis-
tance change is less obvious. An electrode delamination implies
a practically total loss of the reactive surface areas above and
below the delamination. On the other hand, a reactive surface
area decrease that is distributed uniformly throughout the elec-
trode volume is expected to cause a less severe deterioration of
performance, since it also produces a redistribution of electro-
chemical activity over any electrode area that was not previously
fully utilized. This effect is more apparent for thick electrodes,
where the performance loss is less abrupt than in cells with
thin electrodes. These changes in the polarization and series
resistances are summarized in Table 4.

Fig. 11 shows the same fractional changes in resistances as
in Fig. 6, but as a function of the fractional uniform change in
active electrode surface area, for each electrode individually, and

Table 4
Changes in series and polarization resistances after 30% electroactive surface
area loss in the anode, cathode, and both electrodes for an ESC

Anode Cathode Both
R%/Rs 0.998 1.000 0.998
Ry/Rp 0.910 0.867 0.799

The series resistance remains essentially unaffected, while the polarization resis-
tance suffers different changes according to the characteristics of the degraded
electrode(s).

for both electrodes simultaneously. Similarly to the delamina-
tion case in Fig. 6, the abscissa variable is normalized such that
a value of zero corresponds to the intact cell, while a value of
one indicates total active surface area loss. In this case, there is
essentially no change in the series resistance, while the polar-
ization resistance changes, but to a lower extent compared to
the cell delamination case. Keeping in mind that the closer the
normalized resistance RO/R gets to the S/Sg line, the more severe
the extent of degradation, it is apparent in Fig. 11 that cell per-
formance will decrease to a slightly larger extent in the case
of cathode uniform surface area loss than it will in the case of
anode surface area loss. This statement is valid for an equiv-
alent amount of surface area loss, and for electrodes of equal
thickness.

The less severe degradation in cell performance due to uni-
form surface area loss compared to the equivalent amount of
surface area loss caused by delamination is related to the uneven
utilization of electrode thickness for electrochemical reaction.
In the intact state, there is an uneven utilization of the elec-
trode: the local Faradaic current production or consumption
tapers down away from the interface with the electrolyte. This
fact is reflected in the changing magnitude of the current den-
sity over the cathode thickness (Fig. 12). If the surface area
decreases uniformly throughout the electrode volume, this local
current profile changes so that the electrode volume is relatively
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Fig. 11. Normalized polarization resistance and normalized series resistance as

a function of the fraction of uniform surface area loss in the anode, cathode,
and in both electrodes for an ESC with 40 wm thick electrodes. The line S/Sy is
plotted for comparison.
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Fig. 12. Normalized ionic current density over the cathode thickness for three
different cathode thicknesses, showing the different extents of volume utiliza-
tion. The abscissa value is also normalized such that a value of abscissa equal to
zero corresponds to the current collector, and a value equal to one corresponds
to the interface with the electrolyte. The electrode is more uniformly utilized on
thin electrodes than on thick electrodes, where most of the reaction takes place
in the volume fraction of the electrode closest to the electrolyte.

more fully utilized further away from the electrolyte interface. In
this case, the electrochemical reaction takes place more evenly
throughout the electrode thickness, as shown in Fig. 13. This
behaviour implies that the detrimental effect on performance of
the mechanisms that degrade the electrode microstructure is less
severe for thicker electrodes, under the assumption that all other
processes, such as diffusion, remain unchanged by the loss in
active surface area (a reasonable assumption for adsorption of
a monolayer of sulphur-containing species on a portion of the
anode reaction sites; less so for the case of surface area loss
caused by anode sintering).
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Fig. 13. Change in normalized ionic current density distribution over the cathode
thickness for a thick (100 wm) cathode, resulting from the uniform loss of 50%
of its surface area. This mechanism spreads the ionic current density over a
larger extent away from the electrolyte.
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Fig. 14. Normalized polarization resistance (solid symbols) and normalized
series resistance (open symbols) as a function of the fraction of uniform sur-
face area loss in the cathode for different cathode thicknesses in an ESC. The
line S7Sy is plotted for comparison. The thinner the electrode, the more severe
(i.e. closer to the S/Sy line) the extent of degradation.

Thin electrodes are more completely utilized in the intact
state, and therefore their performance degradation due to sur-
face area loss is more abrupt. Fig. 14 illustrates this statement
with a comparison of series and polarization resistance changes
for cathodes of different thicknesses: 10, 40, and 100 wm. The
solid symbols indicate the trend in polarization resistance. The
deterioration is more abrupt for thin cathodes (squares) than
for thick cathodes (triangles). The series resistance (open sym-
bols) remains unchanged in all cases, as expected. A uniform
surface area loss will therefore cause only a change in Rp of
the affected electrode and not in Rs, and the extent of change
in Rp may be significantly smaller than that of the loss in sur-
face area, particularly for thick electrodes. Delaminated cells,
on the other hand, will experience a simultaneous change in
series and in polarization resistances of both electrode arcs, and
the change in both Rg and Rp will be in the same proportion
as that of the delaminated area fraction. This behaviour, there-
fore, is a distinct signature of delamination. Also, the change in
impedance behaviour caused by delamination is not dependent
on electrode thickness, as opposed to uniform surface area loss
caused by poisoning or nickel sintering, which causes slightly
less severe changes in polarization resistance for thick electrodes
than for a delamination of the equivalent surface area. There is
no corresponding change in the series resistance for the case of
uniform surface area loss distributed through the electrode vol-
ume. Although a reduction in electroactive surface area could
also imply a reduction in porosity (as would occur with nickel
sintering in the anode), no observable change in series resis-
tance was found between ASCs with 40% and with 20% anode
porosity. Despite the change in effective conductivity that results
from a decrease in porosity, the primary contributor to the Rg in
a single cell is the electrolyte, even for an ASC.

3.3. Change in characteristic frequency

Delamination causes active area loss without altering the
nature of the cell electrochemical processes. As a consequence,
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Fig. 15. Imaginary impedance as a function of logarithm of frequency, show-
ing that the peak frequencies of the electrode processes remain unchanged for
50% cathode delamination, while the magnitudes of both electrode impedances
change with delamination of either electrode (cathode delamination shown). The
magnitude of electrode impedance caused by uniform surface area loss changes
only for the corresponding electrode (70% anode surface area loss shown).

itis expected that the electrode characteristic frequencies remain
unaffected by delamination. The model results support this
hypothesis for a 50% loss in the electrode area by delamina-
tion, as illustrated in Fig. 15, bold lines. This figure shows the
imaginary part of the impedance as a function of the frequency,
in logarithmic scale, for a simulation performed at a DC voltage
of 0.7 V. Although the imaginary impedance increases in mag-
nitude with such a large delamination area, both electrode peak
frequencies remain constant. Furthermore, both electrode peaks
increase for a delamination of either electrode.

On the other hand, the equivalent graph for loss of 70% of the
active surface area in the anode (dots in Fig. 15) shows a shift
in peak frequency of the anode maximum. Furthermore, only
the magnitude of the imaginary impedance corresponding to the
anode process increases in the case of the uniform anode sur-
face area loss, and it takes a larger amount of surface area loss to
produce an increase in the anodic polarization resistance equiv-
alent to that produced by delamination. Such a large extent in
degradation is chosen to facilitate the visualization of the results.
An underlying assumption for this calculation is that the double
layer capacitance per unit area (Fm~2) remains unaltered. This
assumption is equivalent physically to assuming that a fraction
of the sites are completely covered and no longer participating in
the electrochemical reaction in the case of a poisoning degrada-
tion mode, with the remaining sites remaining electrochemically
unaltered, or to a coarsening of the anode microstructure with no
corresponding change in the mechanism of the electrochemical
reactions occurring on the remaining electrochemically active
surface area.

Thus, an increase in polarization resistance of both elec-
trodes with no corresponding changes in peak frequency, when
accompanied by a proportional increase in series resistance, is
a characteristic of a delaminated single solid oxide fuel cell that
can be utilized to distinguish that mode of cell degradation from
others causing a loss in surface area.

As far as the identification of surface area loss is concerned,
it is possible, in principle, to identify uniform surface area loss
occurring in an electrode as long as its characteristic arc is dis-
tinguishable from that of the other electrode. This requirement

implies presenting a large enough difference in characteristic
frequencies. If this is the case, an increase in diameter of only
the arc(s) corresponding to one electrode in a Nyquist plot, or
of magnitude of imaginary impedance of one electrode in a plot
of imaginary impedance as a function of frequency, is evidence
of degradation of this electrode by loss of surface area. Even in
the case of distinguishable electrode arcs, the presented model
is currently unable to distinguish between different uniform sur-
face area loss mechanisms that could potentially affect one given
electrode. For example, equivalent amounts of uniform surface
area loss caused by anode sintering or anode sulphur poison-
ing would result in similar changes in the impedance spectrum
under the conditions studied. Further development of the tech-
nique to include diffusion effects in the electrochemical model
and to correlate surface area loss due to sintering with the cor-
responding porosity changes, could potentially provide a way
to distinguish among these two anode degradation mechanisms.
Further work is under way to extend the diagnostic technique to
the prediction of stack-level degradation involving interconnect
oxidation or loss of contact.

4. Conclusions

An impedance model of an operating SOFC has been
developed that allows the identification of diverse degradation
mechanisms in a non-invasive way. The method is based on
the recognition of distinct changes in the impedance spectrum
produced by each type of degradation mode.

Degradation mechanisms such as delamination and electrode
sintering or poisoning result in the loss of reaction sites because
of the loss in active area. Even when those mechanisms produce
the same DC effect, namely a loss in potential at a given load,
the resulting changes in the impedance spectrum are distinct.
Delamination causes an almost complete loss of active area in
the projected region above and below the delamination, due to
the large aspect ratio of SOFCs that makes in-plane conduction
of ionic species negligible, particularly for thin electrolytes. The
implication on the change in impedance is that both series and
polarization resistances change simultaneously and by approx-
imately the same proportion. This result is observed for both
anode and cathode delamination, the difference between which
is likely too small to be detected experimentally. There is no
change in the electrochemistry of the system upon delamina-
tion, and consequently the peak frequencies of the electrode
arcs remain unchanged. Layer thicknesses do not influence the
detectability of delamination using the present method unless
the electrode thickness becomes very thin and therefore under-
utilized in its intact state, in which case the induced change
is larger in magnitude, while maintaining the same proportion
with respect to the intact electrode polarization resistance, and
therefore is easier to detect. For thin electrolyte configurations,
the series resistance change may potentially be too small to be
detected reliably in a working cell.

Surface area loss, on the other hand, causes a less severe
degradation for a given uniform active area loss distributed
evenly through the electrode volume, when compared with
delamination. This is especially the case in cells with thick
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electrode geometries, in which a redistribution of the electro-
chemical activity over the electrode volume is observed. No
change is induced in the series resistance in the case of uni-
form surface area loss in the electrodes, since the conduction
path remains unaltered. If only one electrode suffers from this
degradation, only its corresponding impedance arc increases
in size, and its peak frequency changes as well, while in the
case of delamination, both electrode arcs change if either elec-
trode suffers delamination, while the peak frequencies remain
unchanged. The degradation caused by a uniform loss in surface
area is increasingly more serious for thin electrodes.

Therefore, using the results of the electrochemical impedance
model presented here, a strategy for distinguishing between indi-
vidual degradation modes corresponding to cathode or anode
delamination or poisoning or sintering can be used to identify
the causes of voltage degradation over time, and to identify
strategies for reversing those degradation modes that can be
alleviated through a change in operating conditions, while iden-
tifying permanent modes of degradation in an operating fuel
cell that require disassembly of the stack and replacement of
damaged cells.
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