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bstract

A finite element model of the impact of diverse degradation mechanisms on the impedance spectrum of a solid oxide fuel cell is presented
s a tool for degradation mode identification. Among the degradation mechanisms that cause electrode active area loss, the attention is focused
n electrode delamination and uniformly distributed surface area loss, which were found to cause distinct and specific changes in the impedance
pectrum. Degradation mechanisms resulting in uniformly distributed reactive surface area loss include sintering, sulphur poisoning, and possibly
ncipient coke formation at the anode, and chromium deposition at the cathode. Parametric studies reveal the extent and limits of applicability of

he model and detectability of the different degradation modes, as well as the influence of different cell geometries on the change in impedance
ehaviour 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
xide fuel cell developers and users.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Although SOFCs are an attractive alternative to fossil fuel
ombustion for power generation because of their high effi-
iency, their viability is still subject to the solution of problems
ssociated with their reliability, durability, and cost. Cell degra-
ation is an important phenomenon related to the first two of
hese categories. Many types of degradation mechanisms have
een identified in SOFCs. They range from thermo-mechanical
ssues such as electrode delamination and electrolyte cracking,
o thermo-chemical phenomena such as electrode poisoning and

icrostructure coarsening. The nature of these mechanisms is
ery diverse, and so are their potential corrective actions. Some
f these degradation mechanisms are reversible, such as early
tage carbon deposition [1] or sulphur poisoning [2], whereas
thers are irreversible, for example electrode delamination [3]

nd electrolyte cracking. Despite their difference in nature, the
ffect of these degradation modes on cell performance in long-
erm degradation testing is common to all of them: a loss in
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vailable potential at constant current load. In other words, it
s not possible to identify a specific degradation mechanism or
ombination of mechanisms by observing only changes to the
C potential of the cell at constant current. Thus, there is a need

o develop a diagnostic technique that allows the identification of
specific degradation mechanism of SOFCs in a minimally inva-
ive way. Such a technique would be a useful tool for diagnosis
f both a cell in service or under research, where identifying the
ature of a degradation mechanism could save the disassembly
ime required for a direct observation. In the case of reversible
egradation, the method would indicate the possibility to cor-
ect the failure while the fuel cell is in operation. In the case of
rreversible degradation, the method would aid in identifying the
pecific cause of failure of a component that needs replacement,
o that operating conditions or cell or stack materials or designs
ould potentially be adjusted in subsequent tests to minimize
urther degradation.

Impedance spectroscopy is a well-known technique used to
tudy electrochemical characteristics of systems such as bat-

eries, capacitors, and fuel cells, and which is widely used in
isciplines such as corrosion and materials science. It consists
f measuring the impedance of a system at different frequencies
y superimposing a small voltage or current perturbation onto

mailto:javier@mech.ubc.ca
dx.doi.org/10.1016/j.jpowsour.2007.02.010
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he voltage or current operating point. The underlying idea is
hat individual processes will appear in the impedance spectrum
t different frequencies, according to their inherent rate. For
xample, a charge transfer process is likely to appear at higher
requencies than a slower diffusional process. This technique is
onvenient because it is minimally invasive, and it can be used on
ystems in operation. Its resolution in frequency allows the sep-
rate study of simultaneous cell processes, potentially enabling
heir individual optimization. The method described in this work
elies on impedance spectroscopy as a tool to characterize the
OFC and its degradation modes.

Among the various mechanical degradation modes that cause
oss of active electrode area, electrode delamination has been
ommonly reported as a consequence of thermal or redox cycling
hat degrades the interface between adjacent layers [3]. The
nterruption of the ionic conduction path renders part of the
lectrode under-utilized, resulting in the cell losing almost the
ntire electrode area projected from the delamination in the main
irection of the current [4]. Other degradation modes that cause
loss of active area include cathode chromium poisoning [5]

nd anode sulphur poisoning [2] and anode nickel sintering
6], in this case by blocking reaction sites or coarsening the
lectrode microstructure, respectively. These degradation modes
re distributed through the electrode volumes, uniformly in the
ase of anode sintering, or more highly localized at triple phase
oundaries, in the case of cathode chromium poisoning.

This work presents impedance modeling results that allow
comparison of the impact of delamination with that of other

egradation mechanisms that involve a loss in electroactive sur-
ace area. Furthermore, the results for delamination and for these
ther mechanisms are compared among different geometrical
ell configurations, such as anode, electrolyte, and interconnect-
upported cells, and the effects of different layer thicknesses on
he limits of resolution and detectability are presented.

. Numerical model

An operational SOFC is modeled using finite elements.
he geometry considered in the model is restricted to the
node–electrolyte–cathode system. Ongoing work expands the
odel to include the interconnect plates. Fig. 1a–c show the
odeled geometries, which correspond to circular button cells,
ith 16mm diameter electrodes, in electrolyte (ESC), anode

ASC), and interconnect (ISC)-supported cell configurations.
he circular geometry allows the 2D axi-symmetric simplifica-

ion. The leftmost vertical centerline indicates the axi-symmetry
xis. These layer thickness geometries correspond to those of
ypical planar SOFCs with the respective supporting layers, and
he in-plane geometry corresponds to that of a standard labora-
ory scale button cell that is commonly used to study each type
f fuel cell. Simulated materials are 8 mol% yttria-stabilized
irconia (8YSZ) for the electrolyte, a 50 vol% lanthanum stron-
ium manganite (LSM)/50 vol% YSZ composite for the cathode,

nd a 40 vol% Ni/60 vol% YSZ composite for the anode, with
oth electrodes having 40% porosity. Electrochemical data were
aken from the literature and from in-house experiments. These
alues are shown in Table 1. As a first approximation, the model

f
o
c

ig. 1. Modeled axysimmetric geometry corresponding to a circular button cell
hose electrode is 16 mm in diameter. (a) Electrolyte-supported configuration,

b) anode-supported configuration and (c) interconnect-supported configuration.

eglects any reactant concentration gradients, corresponding to
ery low fuel utilization and low current density, as well as any
oncentration polarization. The simulation is performed at OCV
onditions. The system is also approximated as isothermal, a
easonable approximation for a small size cell.

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

· i = SiF(η) + SCdl
∂η

∂t
, (1)

here i is the ionic or electronic current density vector (A m−2),
the electrochemically active surface area of the medium per

nit volume (m−1), iF the Faradaic current density (A m−2),
the local overpotential (V), Cdl the double layer capacitance

ssociated with the interface between the ionic and electronic
onducting phases (F m−2), and t is the time (s). The overpo-
ential is defined as the difference between the potentials of the
lectronic (ΦELE) and ionic (ΦION) phases with respect to an
quilibrium potential (ΦREF):

= ΦELE − ΦION − ΦREF (2)
Eq. (1) is the result of balancing the charge flux over a dif-
erential volume element. The difference between input and
utput of charge to the element is the Faradaic production or
onsumption 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) V 1
Open circuit potential (V) OCV 1 [9]
Volumetric anode exchange current density (A m−3) SANOi0,ANO 2.2 × 107 [10]
Volumetric cathode exchange current density (A m−3) SCATi0,CAT 2.2 × 107 [11–13]
Double layer capacitance, anode (F m−2) Cdl,ANO 0.4 [9]
Double layer capacitance, cathode (F m−2) Cdl,CAT 90 [11–13]
Electrolyte ionic conductivity (S m−1) kION,ELY 4.1 [9]
Effective anode ionic conductivity (S m−1) kION,ANO 0.29 [14]
Effective cathode ionic conductivity (S m−1) kION,CAT 0.24 [14]
Effective anode electronic conductivity (S m−1) kELE,ANO 4.8 × 103 [14]
Effective cathode electronic conductivity (S m−1) kELE,CAT 1.6 × 103 [14]
Temperature (◦C) T 850
P ΦAC
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harge transfer coefficients, cathode α

ouble layer. Ohm’s law relates current density and the potential
radient:

= −k∇Φ, (3)

here k is the effective (i.e. it considers porosity and tortuosity)
onductivity for the species (ions or electrons) in the medium
�−1 m−1), and Φ is the electric (ionic or electronic) potential
V). Substituting the current density in Eq. (1) by the expression
iven by (3) yields

∇ · (k∇Φ) = SiF(η) + SCdl
∂η

∂t
(4)

If the effective conductivity k is independent of the spatial
oordinates, the divergence term becomes the Laplacian of the
otential:−k�2Φ. This assumption holds hereafter in this work.
he Laplacian is expressed in axi-symmetric coordinates as:

∇2Φ = k

(
1

r

∂

∂r

(
r

∂Φ

∂r

)
+ ∂2Φ

∂z2

)

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

k∇2Φ = SiF(η) (5)

No double layer charging occurs in this case.
The source term relates the local (a.k.a. Faradaic) current

enstity to the local overpotential. For example, the Faradaic
onic current generated in the DC cathodic reaction is given by

F,ION,CAT(η) = i0,CAT

[
exp

(
αCAT,ANOF

RT
ηCAT

)

− exp

(
−αCAT,CATF

RT
ηCAT

)]
, (6)

here i0,CAT is the cathodic exchange current density (A m−2),
ij the charge transfer coefficient for the reaction with the first

ubindex indicating the electrode and the second subindex indi-
ating the anodic or cathodic direction, F the Faraday constant
A s mol−1), R the universal gas constant (J mol−1 K−1), and

is the absolute temperature (K). The reference potentials are
H
p

20

NO; αANO,CAT 2; 1 [15]

O; αCAT,CAT 1.5; 0.5 [16]

hose corresponding to open circuit against a reference electrode.
eplacing the source term in Eq. (5) with the expression in Eq.

6) yields:

kION,CAT∇2ΦION = SCATi0,CAT

[
exp

(
αCAT,ANOF

RT
ηCAT

)

− exp

(
−αCAT,CATF

RT
ηCAT

)]
(7)

he charge conservation condition is obtained by setting the sum
f the divergences of the ionic and electronic current densities
qual to zero:

· iION + ∇ · iELE = 0 (8)

hysically, this equation means that the total flux of current at
he electrodes equals the sum of the electronic and ionic current
uxes. Mathematically, this relation indicates that the source

erm of the electronic current equivalent to Eq. (7) is numeri-
ally identical to that of Eq. (7), but with opposite sign. Similar
quations are applicable to the anode side, using the appropriate
nodic kinetic terms.

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

2ΦION = 0 (9)

The resulting DC equations are solved for the electrical poten-
ials with a finite element solver (Comsol Multiphysics, Comsol
B), using boundary conditions of the Dirichlet type for the

lectronic potentials at the current collectors:

ΦELE|cathode current collector = VCELL
ΦELE|anode current collector = 0 V
(10)

ere VCELL is the operating voltage of the cell. The electronic
otential at all other boundaries, and all ionic potentials, have
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eumann (insulation) boundary conditions:

∂Φ

∂n
= 0 (11)

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

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

kION,CAT∇2ΦION

= SCATCdl,CAT
∂ηCAT

∂t

+ SCATi0,CAT

[
exp

(
αCAT,ANOF

RT
ηCAT

)

− exp

(
−αCAT,CATF

RT
ηCAT

)]
(12)

ecomposing the total potential into its AC and DC parts:

ΦELE = ΦDC
ELE + ΦAC

ELE ejωt

ΦION = ΦDC
ION + ΦAC

ION ejωt
(13)

nd linearizing the resulting expression on account of the
mall size of the AC component, yields the following time-
ndependent expression:

kION,CAT∇2ΦAC
ION

= SCATCdl,CAT jω(ΦAC
ELE − ΦAC

ION)

+ SCATi0,CAT
αCAT,ANOF

RT
(ΦAC

ELE − ΦAC
ION)

× exp

(
αCAT,ANOF

RT
ηDC

CAT

)

+ SCATi0,CAT
αCAT,CATF

RT
(ΦAC

ELE − ΦAC
ION)

× exp

(
−αCAT,CATF

RT
ηDC

CAT

)
(14)

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

ΦAC
ELE|cathode current collector = −�ΦAC

0

ΦAC
ELE|anode current collector = +�ΦAC

0

, (15)
here �ΦAC
0 is the perturbation amplitude. Again, Neumann

insulation) boundary conditions apply everywhere else for the
lectronic potential, and everywhere for the ionic potentials.

a
t
t
i

ared to experimental data (dots). The model can reproduce the arc flattening
sing 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
n the calculated potentials.

iDC
ION = −kION∇ΦDC

ION

iDC
ELE = −kELE∇ΦDC

ELE

iAC
ION = −kION∇ΦAC

ION

iAC
ELE = −kELE∇ΦAC

ELE

(16)

he impedance is the ratio between the applied voltage pertur-
ation magnitude and the AC current density computed at either
f the current collectors.

(ω) = 2�ΦAC
0

iAC
ELE(ω)|current collector

(17)

Fig. 2 shows the result of this impedance model applied
o an electrolyte-supported, symmetric cathode button cell
cathode–electrolyte–cathode), and its comparison to an exper-
ment performed at 850 ◦C at OCV in air. The experimental cell
onsisted of a 1 mm thick 8YSZ (Inframat Advanced Materi-
ls, CT, USA) circular pellet, with screen printed composite
athodes (50 vol% LSM–50 vol% YSZ) on both sides. The
mpedance spectrum was obtained using a Solartron 1260 fre-
uency response analyzer (London Scientific, ON, Canada),
ith no DC bias. Equivalent results obtained using different air
ow rates confirmed the assumption of negligible diffusional
ffects for this experimental case. The electroactive surface area
and the cathode double layer capacitance are the only fit-

ing parameters used to match the polarization resistance and
he peak frequency, respectively. The high frequency intercept
as subtracted from both spectra to allow a better comparison
f the arc shapes. The model is able to adequately reproduce
he experimental data, supporting the validity of the modeling
ssumptions for the comparison experimental case of a button
ell with low fuel utilization and current density. The experi-
ental arc shows a flatter shape, a phenomenon that has been

ttributed to the fractal nature of the interface or to a non-uniform
istribution of microstructural properties [8]. The model could
eproduce this flattening (thin line in Fig. 2) by adding a third

djustable parameter, namely an exponent γ affecting the jωCdl
erm in Eq. (14). This modification, however, does not improve
he predictive capability of the model with respect to changes
n polarization or series resistance or peak frequency resulting
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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

R0
S/RS 0.780 0.712 0.710 0.776 0.708 0.709

R0
P/RP 0.725 0.713 0.713 0.755 0.711 0.715
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ig. 3. Circular delamination of radius a at the centre of the circular cell, between
he cathode and the electrolyte.

rom cell degradation, since changes in the value of the expo-
ent do not change those physical properties. This modification
ould imply representing the capacitive component of the elec-

rochemical interface of the electrode with a constant phase
lement, as opposed to a capacitor. The impedance shown in
ig. 2 (thin line) was calculated using γ = 0.88. An exponent
qual to unity corresponds to the case of an ordinary capacitor.

. Results and discussion

.1. Delamination

In the model, a delamination of the electrode is simulated by
n array of elements with the dielectric properties of air inserted
etween the electrode and the electrolyte, as illustrated in Fig. 3,
hown for the cathode delamination case. The indicated lengths
orrespond to radii of a circular cell. Therefore, the delamination
onstitutes a circular and concentric detachment of the electrode

ayer.

Fig. 4 shows a comparison of the spectra for electrolyte,
node, and interconnect-supported cell configurations (a: ESC,
: ASC, and c: ISC), for a delamination of 30% of the cathode

ig. 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
upporting configurations: (a) electrolyte-, (b) anode-, and (c) interconnect-
upported cell.

s
h
c
i
c
c
r
i
a

F
i
A
T

0
S/RS and R0

P/RP equal to 0.7 corresponds to the full-shadowing case, that is,
otal deactivation of the affected area by delamination. A larger number indicates
hat less than full shadowing has occurred.

r anode area, i.e. a/L = 0.55, with a equal to the radius of a con-
entric delamination, and L equal to the electrode radius. The
hin line curves correspond to the spectra of the intact cell, the
old line curves indicate the spectra of the cathode-delaminated
ell, and the dotted line represents the anode delamination case.
eries and polarization resistances change as shown in Table 2,
here we present this change in normalized resistance form. The
ormalized resistance is equal to the ratio of the original to post-
egradation resistance, applied either to series or polarization
esistance. Therefore, a value of unity corresponds to the intact
tate, and a value of zero represents total loss of performance.

The comparable increase in series and polarization resistance
s attributed to a shadowing of the cell caused by the delamina-
ion, which essentially deactivates the regions above and below
he delamination gap due to the high aspect ratio of the cell that

akes in-plane ionic current conduction negligible compared
o through-thickness conduction. In this example, a normalized
esistance value of 0.7 (30% loss of performance) indicates full
hadowing, whereas the shadowing is not total if this value is
igher than 0.7. This effect is observed both for anode and for
athode delamination, and the extent of this shadowing is larger
n thinner electrolytes. Fig. 5 shows the normalized DC ionic
urrent density lines within the cell, ranging from magnitudes

lose to 0 (below the delamination) to 1 (within the unaffected
egion). It is apparent that very low in-plane conduction of oxide
ons within the electrolyte renders the electrode volume above
nd below the delamination under-utilized.

ig. 5. Fractional DC ionic current density distribution illustrating the shadow-
ng effect created by a cathode delamination of 30% of the total electrode area.

value of unity indicates the maximum current density for the modeled case.
he 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 (�m) 5 10 20
R0

S/RS 0.712 0.712 0.712
R0

P/RP 0.712 0.713 0.713

Anode thickness (�m) 500 700 1000
R0

S/RS 0.711 0.711 0.712
R0

P/RP 0.713 0.713 0.713

Cathode thickness (�m) 10 20 40
R0

S/RS 0.715 0.714 0.712
R0

P/RP 0.715 0.714 0.713
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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: R0

P/RP, empty
diamond: R0

S/RS), and of the fraction of delaminated anode area (empty circle:
R0 /R , cross: R0 /R ). The line A/A is plotted for comparison. Both polarization
rom top row: different electrolyte thicknesses (�m), different anode thicknesses
�m), and different cathode thicknesses (�m).

An illustrative way to visualize the change in series and in
olarization resistance as a function of active area loss caused
y delamination is shown in Fig. 6. Here, the normalized resis-
ance change is shown as a function of the fraction of electrode
rea lost by delamination, for: (a) electrolyte-, (b) anode-, and
c) interconnect-supported configurations. The normalized ratio
or the intact cell corresponds to unity, and for the completely
elaminated cell corresponds to zero. In this way, it is possible to
ompare both resistances consistently, as a function of lost cell
rea. Fig. 6 indicates that delamination affects both polarization
nd series resistance in the same proportion, due to destruction
f reaction sites and of conduction area, respectively. Due to the
forementioned very low in-plane ionic conduction, the shad-
wing is more complete in the thin-electrolyte cases, i.e. ASC
nd ISC. The A/A0 line corresponds to the complete shadowing
ase, in which the area above and below the delamination has
een completely deactivated.

From an experimental standpoint it is expected that the series
esistance change caused by a small fraction of delaminated area
ould be difficult to detect in the case of cells with thin elec-

rolytes (ASC and ISC cases), since the increase represents a
mall fraction of a small number. For example, the series resis-
ance change in this case is 0.02 � cm2 for both the ASC and
SC cases, a value that may be within the experimental scatter
f an impedance measurement. The change in series resistance
or the ESC case, on the other hand, is 0.7 � cm2, a change that
s much easier to detect within experimental tolerances.

Because of the variety of SOFC geometrical configurations
n use, a study of the influence of different layer thicknesses on
he detectability of delamination was performed. Figs. 7–9 show
he aforementioned case of 30% area loss by cathode delami-
ation on anode-supported cells for: three different electrolyte
hicknesses (Fig. 7), three different anode thicknesses (Fig. 8),
nd three different cathode thicknesses (Fig. 9). Again, the intact
ase is given in thin lines for comparison. The results for changes
n series and polarization resistances are shown in Table 3. The
nly case where a layer thickness may influence detectability
ithin the range of thicknesses studied is in the case of a thin
athode (<40 �m), i.e., one for which the electrode volume is
ully utilized, and for which a thicker cathode, by providing
ore reaction sites, would increase the fuel cell performance.

n this case, the larger initial polarization resistance of the thin

P P S S 0

and series resistances scale with the extent of area loss, with no substantial
difference between cathode or anode delamination. (a) ESC, (b) ASC and (c)
ISC.
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ig. 7. Effect of electrolyte thickness on the impedance of an anode-supported
ell with 30% delaminated cathode area. Thin lines: intact case; bold lines:
elaminated case.

athode makes it easier to identify a change in polarization resis-
ance caused by a detachment of the cathode. In all of the cases
ith varying layer thicknesses, the same fundamental increase
f polarization and series resistances in proportion to the delam-
nated area occurs, regardless of the cell geometry. This result

uggests that even with increasing layer thicknesses within the
ange of typical ASC SOFC layer geometries, the large aspect
atio of the cell cannot be compensated, and so the shadowing of
ctive sites occurs for thicker electrode and electrolyte layers as

ig. 8. Effect of anode thickness on the impedance of an anode-supported
ell with 30% delaminated cathode area. Thin lines: intact case; bold lines:
elaminated case.
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ig. 9. Effect of cathode thickness on the impedance of an anode-supported
ell with 30% delaminated cathode area. Thin lines: intact case; bold lines:
elaminated case.

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

.2. Loss of electro-active surface area

Electrode delamination degrades the SOFC performance by
aking the affected part of the cell area unusable. This phe-

omenon can be interpreted as a direct loss of electrochemically
ctive surface area for reaction. Although other degradation
echanisms such as anode sintering, incipient coke forma-

ion, and chromium or sulphur poisoning also cause a loss in
lectrode electrochemically active surface area, the impedance
ehaviour changes observed as a result of these degradation
echanisms are qualitatively and quantitatively distinct from

hose corresponding to delamination, and proper interpretation
f the impedance spectra could yield useful insight into the cell
ondition. These mechanisms affect the cell performance by uni-
ormly decreasing the electroactive surface area available for
eaction. In terms of the present model, they correspond to a
ecrease in the value of S in Eq. (1).

Fig. 10 shows the impedance spectra of an electrolyte-
upported cell with four different scenarios of 30% active surface
rea loss, compared to the intact cell spectrum. In the first case
e simulate a 30% reduction of SCAT, the cathode active surface
rea, such as that which could result from chromium deposition
overing 30% of the triple phase boundary reaction sites of the
athode. In the second case, we show a 30% reduction of SANO,
he anode active surface area, such as that which could result
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Fig. 10. Impedance spectrum differences among different degradation mech-
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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

R0
S/RS 0.998 1.000 0.998

R0
P/RP 0.910 0.867 0.799
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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
nisms that produce 30% loss of active surface area. From top to bottom: (1)
ntact cell, (2) 30% uniform surface area loss at the anode, cathode, and at both
lectrodes, (3) cathode and anode 30% area loss by delamination.

rom anode sintering resulting in a 30% reduction in total anodic
urface area, or from sulphur poisoning with a sulphur species
overing 30% of the active reaction sites at the anode, while leav-
ng other reaction sites essentially intact. In the third case, we
how a 30% reduction of both anode and cathode active surface
reas, corresponding physically to both mechanisms described
bove occurring simultaneously, in order to allow a more quan-
itative comparison with the behaviour of a delaminated cell, in
hich both electrodes become under-utilized due to a shadow-

ng effect caused by the delamination. In the last case, we show
he result of 30% of the cathode area and, separately, of 30% of
he anode area having delaminated from the electrolyte.

While the arc diameters (RP) of the degraded electrodes
lightly increase in each of the three cases of uniformly dis-
ributed surface area, both arc diameters increase, and to a larger
xtent, in the case of delamination. Moreover, the high fre-
uency intercept (RS) only increases in the case of delamination,
ince only here does the conductive area change. This statement
ssumes that the influence of current constriction is negligible.
he reason for the difference in the extent of polarization resis-

ance change is less obvious. An electrode delamination implies
practically total loss of the reactive surface areas above and

elow the delamination. On the other hand, a reactive surface
rea decrease that is distributed uniformly throughout the elec-
rode volume is expected to cause a less severe deterioration of
erformance, since it also produces a redistribution of electro-
hemical activity over any electrode area that was not previously
ully utilized. This effect is more apparent for thick electrodes,
here the performance loss is less abrupt than in cells with

hin electrodes. These changes in the polarization and series

esistances are summarized in Table 4.

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

F
a
a
p

he series resistance remains essentially unaffected, while the polarization resis-
ance suffers different changes according to the characteristics of the degraded
lectrode(s).

or both electrodes simultaneously. Similarly to the delamina-
ion case in Fig. 6, the abscissa variable is normalized such that
value of zero corresponds to the intact cell, while a value of

ne indicates total active surface area loss. In this case, there is
ssentially no change in the series resistance, while the polar-
zation resistance changes, but to a lower extent compared to
he cell delamination case. Keeping in mind that the closer the
ormalized resistance R0/R gets to the S/S0 line, the more severe
he extent of degradation, it is apparent in Fig. 11 that cell per-
ormance will decrease to a slightly larger extent in the case
f cathode uniform surface area loss than it will in the case of
node surface area loss. This statement is valid for an equiv-
lent amount of surface area loss, and for electrodes of equal
hickness.

The less severe degradation in cell performance due to uni-
orm surface area loss compared to the equivalent amount of
urface area loss caused by delamination is related to the uneven
tilization of electrode thickness for electrochemical reaction.
n the intact state, there is an uneven utilization of the elec-
rode: the local Faradaic current production or consumption
apers down away from the interface with the electrolyte. This
act is reflected in the changing magnitude of the current den-
ig. 11. Normalized polarization resistance and normalized series resistance as
function of the fraction of uniform surface area loss in the anode, cathode,

nd in both electrodes for an ESC with 40 �m thick electrodes. The line S/S0 is
lotted 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
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Fig. 14. Normalized polarization resistance (solid symbols) and normalized
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o the interface with the electrolyte. The electrode is more uniformly utilized on
hin electrodes than on thick electrodes, where most of the reaction takes place
n the volume fraction of the electrode closest to the electrolyte.

ore fully utilized further away from the electrolyte interface. In
his case, the electrochemical reaction takes place more evenly
hroughout the electrode thickness, as shown in Fig. 13. This
ehaviour implies that the detrimental effect on performance of
he mechanisms that degrade the electrode microstructure is less
evere for thicker electrodes, under the assumption that all other
rocesses, such as diffusion, remain unchanged by the loss in

ctive surface area (a reasonable assumption for adsorption of
monolayer of sulphur-containing species on a portion of the

node reaction sites; less so for the case of surface area loss
aused by anode sintering).

ig. 13. Change in normalized ionic current density distribution over the cathode
hickness for a thick (100 �m) cathode, resulting from the uniform loss of 50%
f its surface area. This mechanism spreads the ionic current density over a
arger extent away from the electrolyte.
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eries resistance (open symbols) as a function of the fraction of uniform sur-
ace area loss in the cathode for different cathode thicknesses in an ESC. The
ine S/S0 is plotted for comparison. The thinner the electrode, the more severe
i.e. closer to the S/S0 line) the extent of degradation.

Thin electrodes are more completely utilized in the intact
tate, and therefore their performance degradation due to sur-
ace area loss is more abrupt. Fig. 14 illustrates this statement
ith a comparison of series and polarization resistance changes

or cathodes of different thicknesses: 10, 40, and 100 �m. The
olid symbols indicate the trend in polarization resistance. The
eterioration is more abrupt for thin cathodes (squares) than
or thick cathodes (triangles). The series resistance (open sym-
ols) remains unchanged in all cases, as expected. A uniform
urface area loss will therefore cause only a change in RP of
he affected electrode and not in RS, and the extent of change
n RP may be significantly smaller than that of the loss in sur-
ace area, particularly for thick electrodes. Delaminated cells,
n the other hand, will experience a simultaneous change in
eries and in polarization resistances of both electrode arcs, and
he change in both RS and RP will be in the same proportion
s that of the delaminated area fraction. This behaviour, there-
ore, is a distinct signature of delamination. Also, the change in
mpedance behaviour caused by delamination is not dependent
n electrode thickness, as opposed to uniform surface area loss
aused by poisoning or nickel sintering, which causes slightly
ess severe changes in polarization resistance for thick electrodes
han for a delamination of the equivalent surface area. There is
o corresponding change in the series resistance for the case of
niform surface area loss distributed through the electrode vol-
me. Although a reduction in electroactive surface area could
lso imply a reduction in porosity (as would occur with nickel
intering in the anode), no observable change in series resis-
ance was found between ASCs with 40% and with 20% anode
orosity. Despite the change in effective conductivity that results
rom a decrease in porosity, the primary contributor to the RS in
single cell is the electrolyte, even for an ASC.
.3. Change in characteristic frequency

Delamination causes active area loss without altering the
ature 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
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hange with delamination of either electrode (cathode delamination shown). The
agnitude of electrode impedance caused by uniform surface area loss changes

nly for the corresponding electrode (70% anode surface area loss shown).

t is expected that the electrode characteristic frequencies remain
naffected by delamination. The model results support this
ypothesis for a 50% loss in the electrode area by delamina-
ion, as illustrated in Fig. 15, bold lines. This figure shows the
maginary part of the impedance as a function of the frequency,
n logarithmic scale, for a simulation performed at a DC voltage
f 0.7 V. Although the imaginary impedance increases in mag-
itude with such a large delamination area, both electrode peak
requencies remain constant. Furthermore, both electrode peaks
ncrease for a delamination of either electrode.

On the other hand, the equivalent graph for loss of 70% of the
ctive surface area in the anode (dots in Fig. 15) shows a shift
n peak frequency of the anode maximum. Furthermore, only
he magnitude of the imaginary impedance corresponding to the
node process increases in the case of the uniform anode sur-
ace area loss, and it takes a larger amount of surface area loss to
roduce an increase in the anodic polarization resistance equiv-
lent to that produced by delamination. Such a large extent in
egradation is chosen to facilitate the visualization of the results.
n underlying assumption for this calculation is that the double

ayer capacitance per unit area (F m−2) remains unaltered. This
ssumption is equivalent physically to assuming that a fraction
f the sites are completely covered and no longer participating in
he electrochemical reaction in the case of a poisoning degrada-
ion mode, with the remaining sites remaining electrochemically
naltered, or to a coarsening of the anode microstructure with no
orresponding change in the mechanism of the electrochemical
eactions occurring on the remaining electrochemically active
urface area.

Thus, an increase in polarization resistance of both elec-
rodes with no corresponding changes in peak frequency, when
ccompanied by a proportional increase in series resistance, is
characteristic of a delaminated single solid oxide fuel cell that
an be utilized to distinguish that mode of cell degradation from
thers causing a loss in surface area.
As far as the identification of surface area loss is concerned,
t is possible, in principle, to identify uniform surface area loss
ccurring in an electrode as long as its characteristic arc is dis-
inguishable from that of the other electrode. This requirement
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mplies presenting a large enough difference in characteristic
requencies. If this is the case, an increase in diameter of only
he arc(s) corresponding to one electrode in a Nyquist plot, or
f magnitude of imaginary impedance of one electrode in a plot
f imaginary impedance as a function of frequency, is evidence
f degradation of this electrode by loss of surface area. Even in
he case of distinguishable electrode arcs, the presented model
s currently unable to distinguish between different uniform sur-
ace area loss mechanisms that could potentially affect one given
lectrode. For example, equivalent amounts of uniform surface
rea loss caused by anode sintering or anode sulphur poison-
ng would result in similar changes in the impedance spectrum
nder the conditions studied. Further development of the tech-
ique to include diffusion effects in the electrochemical model
nd to correlate surface area loss due to sintering with the cor-
esponding porosity changes, could potentially provide a way
o distinguish among these two anode degradation mechanisms.
urther work is under way to extend the diagnostic technique to

he prediction of stack-level degradation involving interconnect
xidation or loss of contact.

. Conclusions

An impedance model of an operating SOFC has been
eveloped that allows the identification of diverse degradation
echanisms in a non-invasive way. The method is based on

he recognition of distinct changes in the impedance spectrum
roduced by each type of degradation mode.

Degradation mechanisms such as delamination and electrode
intering or poisoning result in the loss of reaction sites because
f the loss in active area. Even when those mechanisms produce
he same DC effect, namely a loss in potential at a given load,
he resulting changes in the impedance spectrum are distinct.
elamination causes an almost complete loss of active area in

he projected region above and below the delamination, due to
he large aspect ratio of SOFCs that makes in-plane conduction
f ionic species negligible, particularly for thin electrolytes. The
mplication on the change in impedance is that both series and
olarization resistances change simultaneously and by approx-
mately the same proportion. This result is observed for both
node and cathode delamination, the difference between which
s likely too small to be detected experimentally. There is no
hange in the electrochemistry of the system upon delamina-
ion, and consequently the peak frequencies of the electrode
rcs remain unchanged. Layer thicknesses do not influence the
etectability of delamination using the present method unless
he electrode thickness becomes very thin and therefore under-
tilized in its intact state, in which case the induced change
s larger in magnitude, while maintaining the same proportion
ith respect to the intact electrode polarization resistance, and

herefore is easier to detect. For thin electrolyte configurations,
he series resistance change may potentially be too small to be
etected reliably in a working cell.
Surface area loss, on the other hand, causes a less severe
egradation for a given uniform active area loss distributed
venly through the electrode volume, when compared with
elamination. This is especially the case in cells with thick
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lectrode geometries, in which a redistribution of the electro-
hemical activity over the electrode volume is observed. No
hange is induced in the series resistance in the case of uni-
orm surface area loss in the electrodes, since the conduction
ath remains unaltered. If only one electrode suffers from this
egradation, only its corresponding impedance arc increases
n size, and its peak frequency changes as well, while in the
ase of delamination, both electrode arcs change if either elec-
rode suffers delamination, while the peak frequencies remain
nchanged. The degradation caused by a uniform loss in surface
rea is increasingly more serious for thin electrodes.

Therefore, using the results of the electrochemical impedance
odel presented here, a strategy for distinguishing between indi-

idual degradation modes corresponding to cathode or anode
elamination or poisoning or sintering can be used to identify
he causes of voltage degradation over time, and to identify
trategies for reversing those degradation modes that can be
lleviated through a change in operating conditions, while iden-
ifying permanent modes of degradation in an operating fuel
ell that require disassembly of the stack and replacement of
amaged cells.
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