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Abstract

Solid electrolytes are increasingly being used in active electrochemical devices such as fuel cells and batteries. Several fuel cells or batteries are
connected in series to form a stack or a battery pack. The present manuscript examines the phenomenon of degradation in such devices, whose
origin lies in the very basics of local thermodynamic equilibrium and transport. The specific example of solid oxide fuel cells (SOFC) is addressed
here. If a single cell (or a few cells) in a stack exhibits higher resistance than the rest of the cells, stack failure often initiates at such a cell. The
cell is then driven by, and exhibits lower voltage than the rest of the cells, and often even a negative voltage. The objective of this paper is to
present a model for stack degradation when one of the cells exhibits a negative voltage. The existence of low level electronic conduction through
the electrolyte plays central role in degradation. It is shown that if a cell exhibits a negative voltage, the oxygen chemical potential within the
electrolyte can exceed that in the oxidant, and/or can drop below that in the fuel. This can lead to high internal oxygen partial pressure resulting in
electrode cracking and delamination, and/or very low oxygen partial pressure leading to local electrolyte decomposition. Both situations can lead

to cell and stack degradation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past four decades, the interest in active electrochem-
ical devices based on solid electrolytes has steadily grown. By
active is meant a device through which substantial amount of
current is passed during its operation, in contrast to devices
such as potentiometric sensors. The interest in solid electrolytes
is due to their potential advantages over liquid electrolytes,
namely: (a) wider temperature range of operation; and (b) elec-
trolyte management is not an issue as the electrolyte is solid.
Examples of prominent solid electrolytes currently being pur-
sued in active electrochemical devices include sodium beta”
alumina (NapO-~6Al,03)—a sodium ion conductor, for appli-
cations in sodium—sulfur batteries, sodium—metal salt batteries,
electrochemical thermoelectric generators; and yttria-stabilized
zirconia (YSZ) for SOFC, electrolyzers, and electrochemical
oxygen separation from air. Many of the solid electrolytes, such
as sodium beta” alumina, have been often referred to as super
ionic conductors since their ionic conductivity compares well
with liquid electrolytes such as molten salts. It is this feature

E-mail address: anil.virkar @m.cc.utah.edu.

0378-7753/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2007.05.076

which has attracted considerable attention over the past several
decades. Even though there exist solid electrolytes with very
high ionic conductivities, they differ from liquid electrolytes
(e.g. aqueous solutions of salts and molten salts) in two very
important aspects. In liquid electrolytes, both cations and anions
exhibit high mobilities/diffusivities. Thus, they both can respond
and adjust to external/internal stimuli. Also, being liquid, any
local volume changes that may occur during transport can be
easily accommodated. In solid electrolytes, however, usually
only one type of an ion (either a cation or an anion) exhibits
high mobility/diffusivity. As a consequence, electronic species
(electrons and/or holes) play a key role in the establishment of
local equilibrium. Also, being a solid, any changes that may
occur in volume cannot be easily accommodated, and can result
in locally high stresses causing cracking or delamination. While
the approach presented in this manuscript and the resulting con-
clusions should be applicable to a host of devices based on solid
electrolytes, the discussion presented here is mainly confined to
solid oxide fuel cells (SOFC).

A typical SOFC consists of three components: (a) a porous
cathode; (b) a porous anode; (c) a dense, ceramic ionic
conductor (usually an oxygen ion, O%>~, conductor) sandwiched
between the cathode and the anode. The porous cathode is


mailto:anil.virkar@m.cc.utah.edu
dx.doi.org/10.1016/j.jpowsour.2007.05.076

714

Nomenclature

e electronic charge (C)

E open circuit voltage (V)

Ey Nernst voltage (V)

E? internal EMF across anode/electrolyte interface
in the equivalent circuit (V)

E° internal EMF across cathode/electrolyte interface
in the equivalent circuit (V)

E®! internal EMF across electrolyte (just inside inter-
faces) in the equivalent circuit (V)

F Faraday constant (C mol~1)

1 measured current density (A cm_z)

I ionic current density through the membrane
(Acm™2)

Ie electronic current density through the membrane
(Acm™?)

kg Boltzmann constant (J°~1)

£ membrane thickness (cm)

Do, oxygen partial pressure (atm)

ré anode area specific electronic charge transfer
resistance (2 cm?)

re cathode area specific electronic charge transfer
resistance (Q cm?)

ri anode area specific ionic charge transfer resis-
tance (2 cm?)

e cathode area specific ionic charge transfer resis-

tance (2 cm?)

el = pele electrolyte area specific electronic resistance
(2 cm?)

rie] = ,oiglﬂ electrolyte area specific ionic resistance
(2cm?)

R ideal gas constant (J (° mol)~!)

Rc area specific resistance of the cell with high resis-

tance (‘bad’ cell) (€2 cm?)

Ry, load (2 cm?)

RN area specific resistance of a cell exhibiting normal
behavior (€2 cm?)

R =r{+ riel +ri cell area specific ionic resistance

(Rcm?)

e = 1S+ 472 cell area specific electronic resistance
(Qcm?)

Ve volume of pore or a void in the electrolyte at the

cathode/electrolyte interface (cm?)
Ve cell voltage (V)

Greek symbols

8 interfacial thickness (cm)

TNact activation polarization (V)

A a geometric parameter describing the pore or void
(cm?)

Wi chemical potential of species i (Jmol~! or
Jspecies™!)

i electrochemical potential of species i (J mol~! or
Jspecies™!)

pgl electronic resistivity of the membrane (2 cm)

,of] ionic resistivity of the membrane (€2 cm)
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Fig. 1. Voltage/cell vs. current density plots for a stack with one cell exhibiting
much greater resistance than the rest of the cells, and exhibiting a negative
voltage under operating conditions.

usually a composite of an electronic (ceramic) conductor and an
oxygen ion conductor. The porous anode consists of a mixture
of a metal, such as nickel, and an oxygen ion conductor. At the
cathode, reduction of oxygen molecules, O,, to oxygen ions,
0>~ occurs. The oxygen ions, 0>~ transport through the elec-
trolyte towards the anode. At the anode, 02~ reacts with gaseous
fuel, Hy or Hy + CO, to form H,O or HyO + CO;, and release
electrons which transport in the external circuit to the cathode.
A typical planar solid oxide fuel cell (SOFC) stack comprises
a number of cells connected in series with each repeat unit con-
sisting of a cell, interconnect separator and flow channels on
either side of the cell. Results on stacks containing upwards of
one hundred cells in series have been reported. Connecting a
large number of cells in series is necessary in order to build up
the voltage to some useful value and also for realizing signifi-
cant amount of power generating capacity in a compact space. It
is necessary that cell-to-cell (or repeat unit to repeat unit) char-
acteristics be as uniform as possible including contact between
repeat units. If this is achieved, it ensures that at a given operating
current, the voltage across each cell (or repeat unit) is essentially
the same. If, however, not all cells/repeat units are identical, the
voltages across the individual cells/repeat units will be differ-
ent. Differences in voltages are directly related to differences
in cell/repeat unit resistances. In many instances, it has been
noted that even if the initial voltages are essentially uniform
indicating little difference in cell-to-cell resistance, over time
one or more cells exhibit different behavior—namely a differ-
ent voltage at a given current indicating a different resistance.
A common observation is that over time the resistance of one or
more cells increases in relation to the rest of the cells leading to
a greater voltage drop across such a cell (or lower operating cell
voltage, V) or cells at a given current than the rest of the cells. In
such a case, it is often stated that the rest of the cells (the rest of
the stack) drive(s) the cell with higher resistance. In the extreme
case, the voltage across such a cell may become negative under
operating conditions. That is, across such a cell (repeat unit), the
voltage Vc =E — IRc <0, where E is the open circuit voltage, [
is the current density, and Rc is the area specific resistance of
that cell or repeat unit. Fig. 1 shows a schematic representa-
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tion of such a situation. It has been observed that when such a
deviation from the normal behavior sets in, it eventually leads
to cell failure, which reflects as a loss of voltage, and increase
in local temperature. This phenomenon then spreads to adja-
cent cells almost as a domino effect. Postmortem often shows
re-oxidation of the anode especially in anode-supported cells,
and in some cases anode undergoes total destruction. So severe
can be the destruction that one is left to speculate the cause (or
causes) primarily based on postmortem observations and often
without a clear theoretical basis. Also, interpretation based on
postmortem alone may be misleading. For example, it is often
stated that under high current densities, the partial pressure of
water vapor formed (and effectively oxygen partial pressure) at
the anode/electrolyte interface may be high enough to oxidize
nickel in the anode. As will be discussed in this manuscript, such
an interpretation could be erroneous, and the observed destruc-
tion of the anode may have occurred well after critical damage
to the cell had already set in. That is, the observed re-oxidation
of the anode may simply be a manifestation of the ‘end of life’
situation—and not the root cause.

There are many likely reasons why an isolated cell (or few
cells) may develop a high resistance during operation. These
include the formation of local hot spots leading to local changes
in microstructures and in materials properties, small initial
compositional in-homogeneities resulting in greater changes in
properties, contact aid and/or electrode delaminations due to
thermal cycling/rapid heating, reaction between electrode and
electrolyte forming a high resistance layer, fuel and/or oxidant
mal distributions, non-uniform oxidation of the interconnect,
degradation of the seals, etc. It can be envisaged that there may
be multitude of reasons why some cells may become ‘bad’ over
a period of time. It is not objective of this manuscript is to
scrutinize the various possible reasons why some cells develop
high resistance. The objective of this manuscript is to provide a
plausible mechanism for the occurrence of subsequent cell (and
stack) degradation, once deviation (one or few cells exhibiting
considerably greater resistance than the rest of the cells) sets in.

Typical SOFCs are based on an oxygen ion, O?>~, conduct-
ing solid electrolyte such as yttria-stabilized zirconia (YSZ),
which is predominantly an oxygen ion conductor, with negli-
gible conductivity for electronic (electron or hole) transport.
Nevertheless, description of transport through YSZ (and other
oxygen ion conductors as well as mixed-ionic electronic con-
ductors, MIEC) is based on the assumption of local equilibrium.
That is, virtually all transport problems reported in the literature
are based on an explicit or implicit assumption of local (ther-
modynamic) equilibrium [1,2]. Even so, often the implications
of local equilibrium are ignored in the analysis of transport.
The local equilibrium of interest in predominantly oxygen ion
conducting materials is given by

10,(F) +2¢/(F) & 0> (7) (1)

where 7 is any position in the system. This assumption of local
equilibrium (which is actually a requirement for conducting any
kind of an analysis [1]) implies:

o, ) + 21 () = pop- () 2

and
o, )+ 21e(F) = figp- () 3)

where w’s denote chemical potentials and fi’s denote elec-
trochemical potentials. The above implies that the existence
of chemical potential of oxygen as a gas in a fully dense
solid is perfectly appropriate and at local equilibrium equa-
tion (3) provides its relationship to electrochemical potentials
of 0>~ and ¢’ [6]. The assumption of local equilibrium has
very important implications, the most important one being that
even in a predominantly ionic conductor, the electronic cur-
rent cannot be entirely neglected [6]. That is, even though the
magnitude of the electronic current in a typical ionic conduc-
tor is often negligible in comparison to the ionic current, it
still cannot be set identically to zero. This is because the elec-
tronic transport, however small, plays a decisive role in the
establishment of the above equilibrium and thus in the estab-
lishment of the local chemical potential of oxygen, o, (),
which in turn dictates the very stability of the membrane
[3-T7].

It is well recognized that properties in solids in the near sur-
face regions are in general different than in the bulk. In ionic
solids, for example, there often exists a region of space charge
near free surfaces. Regardless of the presence of space charge,
which can extend over large distances, the near surface regions
are always expected to exhibit different properties than the bulk
region. This is because the bond lengths of surface atoms, due
to the presence of unsatisfied bonds, are slightly different than
the interior bond lengths. The region of slightly different bond
lengths, for example, may exist over only a few angstroms, but
is not of zero thickness. Indeed, a computational study on sili-
con (Si(00 1)) has shown that such a layer, the origin of which
lies in the presence of unsatisfied bonds on the surface, a char-
acteristic of all condensed materials, extends about three to five
atomic layers [8]. Such a region near the surface can be appropri-
ately referred to as the interfacial region wherein the ‘interface’
has some finite thickness, which could be a few angstroms or
nanometers. Fig. 2 shows a schematic representation of a mem-
brane in contact with a gas (or could also be a liquid), wherein
the thickness of this interfacial region, §, is much smaller than
the membrane thickness, £. It is through this region of the solid
that transport of both ions and electrons must occur, and only
outside this region (at the gas phase/solid boundary) would it be
reasonable to write the reaction:

%Oz(gas) + 2¢/(electrode) — O (solid electrolyte) @

Once again, the electronic current through the membrane (and
thus also across the ‘interfaces’) may be very small, but is
not mathematically zero. This is a significant departure from
the usual description of electrode processes in solid-state elec-
trochemical devices based on predominantly ionic conducting
materials, in which only the ionic transport is assumed to occur
through the membrane and electron participation is exclusively
attributed to the overall charge transfer reaction given by Eq.

.
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Fig. 2. A schematic representation of a solid electrolyte membrane of thickness
£ in contact with a gas phase. The interfacial thickness is §, which in general
could be different at the two surfaces. The existence of the ‘interfacial’ region
or the interface is related to different bond lengths of surface atoms/ions as
compared to bulk atom/ions due to unsatisfied bonds on the surface. Such an
interfacial region may only be a few atomic layers thick. This interfacial region
is in addition to other surface layers, such as space charge layers, the latter
extending over much greater distances. In the schematic, the interface thickness
is shown exaggerated in comparison to the membrane thickness, £.

The occurrence of transport of both ions and electrons across
interfaces has important implications concerning the spatial vari-
ation of chemical potentials. Consider a membrane exposed to
two different chemical potentials of oxygen in the gas phase;
,lLIOz at one surface (electrode I) and Mgz at the other surface

(electrode II) such that Mloz #+ /ng. Assuming interface thick-
nesses to be much smaller than the membrane thickness but still
nonzero, that is 0 <§ < ¢, it can be shown that there will always
be abrupt (sharp) changes in (1o, across the two gas—solid inter-
faces; that is Aui&eﬁace # 0 [6]. Thus, when determining an
average of anyuo,-dependent property of the membrane (with

'“%)z #+ ugz), such as for example ambipolar conductivity, the

integration limits cannot be taken as /‘{)2 and /ng even if the
electrodes are reversible [6,7]. This implies that the commonly
made assumption of the equilibration of chemical potential of
oxygen, [Lo,, in the gas phase with the adjacent region of the
solid is not accurate in all cases of interest where “Ioz #* ,ugz
[9].

Denoting ionic current density by [; and electronic current
density by I, the above implies that, even in a predominantly
ionic conductor such as YSZ with || > |I.|, it is understood
that I. # 0. Analysis conducted recently leads to the following
general conclusions [6,7].

1.1. Directions of ionic and electronic currents and
chemical potential of oxygen in the membrane

If the directions of ionic current density, /;, and electronic
current density, I, in the membrane are opposite; that is if,

for example, I; <0 and 7. >0, then it can be shown that '““%)2 >

ug“;mbra“e(x) > ugz where M})z and ugz are the chemical poten-

tials of O7 in the gas phases at the two electrodes, I (cathode) and
II (anode), respectively, and ,ugzembra“e(x) is the chemical poten-
tial of oxygen in the membrane (which is a function of position,
x) [6,7]. That is, under these conditions of ionic and electronic
currents, the Mg‘;mbra“"‘ (x) is bounded by the respective values at
the two electrodes (in the gas phases). A single SOFC satisfies
these criteria concerning the directions of current [6]. Thus, in
a single SOFC, the Mgzembm“e(x) is bounded, and the membrane
remains stable as long it is stable in both electrode atmospheres
(in both, “{)z and /ng).

If, however, the directions of ionic and electronic currents
are the same; that is if /; <0 and I, <0, then it can be shown that
the chemical potential of O, in the membrane, uglzembrane(x),
need not be bounded by the respective values at the two elec-
trodes, I’ng and /ng, and can lie outside the range [6,7]. The
relative values of transport parameters play a key role in dictat-
ing the ,ugsmbm“e(x). Instabilities can set in if the ug‘fmbrane(x)
is very low such that membrane decomposition can occur,
and/or if the Mg‘zembra“e(x) is very large, in which case local
cracking/delamination can occur. A voltage-driven oxygen sep-
aration device satisfies these criteria concerning the directions
of currents. Under such conditions, the ugz’mbrane (x) can lie out-

side of the ( 'I’ng , ug2) range, and electrolyte stability can be
compromised. Indeed, experimental evidence on the failure of
electrolyte membranes in voltage-driven oxygen pumps has been
documented and this phenomenon can present significant design
and life-related challenges for voltage-driven oxygen separation
systems [4,6].

1.2. Basis for solid oxide fuel cell (SOFC) stack
degradation

During the operation of an SOFC or a SOFC stack, the flux of
oxygenions in a cell occurs from the cathode to the anode, which
means current due to oxygen ion transport through the cell flows
from the anode to the cathode (using the usual definition of a
positive current). Also, under normal operating conditions, the
cathode is at a higher electric potential compared to the anode.
Thus, electron transport through the cell, however small (due to
low electronic conductivity of the membrane), occurs from the
anode to the cathode (or electron hole transport from the cath-
ode to the anode), which means electronic current (as a positive
current) through the cell flows from the cathode to the anode.
Thus, under normal operating conditions, the signs of the ionic
and the electronic currents are opposite, and the /Lgembra“e(x)
is bounded by the respective values at the two electrodes [6,7].
If, however, under SOFC stack operating conditions, one of the
cells has a higher resistance and exhibits a negative voltage, the
direction of the ionic current remains the same, but that of elec-
trons through the cell reverses. In such a cell, both the ionic and
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electronic currents are in the same direction. In such a cell, the
p,gfmbrane(x) can lie outside of the (,u{)z, ugz) range, and this
can lead to cell degradation, and subsequent stack degradation.
This is the basic premise of the model, which is described in
what follows.

2. Mechanism of cell and stack degradation

Fig. 3 shows a schematic representation of a fuel cell
with porous electrodes. The interfaces (boundaries) I and II
are those corresponding to the porous cathode/electrolyte and
porous anode/electrolyte interfaces, respectively. The interfacial
regions (or interfaces) referred to here extend a distance § into
the electrolyte from these boundaries. It is understood that § < €.
The membrane thickness, £, refers to the thickness of the elec-
trolyte. Fig. 4 shows a simplified equivalent circuit for a fuel
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Fig. 3. A schematic representation of a fuel cell showing porous electrodes.
The dense electrolyte membrane is of thickness ¢, and interfacial regions in the
electrolyte, at the electrode/electrolyte interfaces are of thickness §, where § < £.

R,

Fig. 4. An equivalent circuit for a solid oxide fuel cell (SOFC) using internal
emf sources.

cell by incorporating electrode/electrolyte interfaces [6]. The
equivalent circuit represents the region of the cell between the
electrolyte/electrode (cathode and anode) interfaces (between I
and II in Fig. 3). Thus, the equivalent circuit does not include
concentration polarization associated with gas transport through
porous electrodes. It also does not include part of the activation
polarization—that part associated with the extended electro-
chemical zones into the porous electrodes [10,11]. Thus, the
sum of the three emfs equals the open circuit voltage (OCV)
minus voltage loss associated with the two concentration polar-
ization terms, and parts of the activation polarization associated
with the extended zones into the porous electrodes.

The use of resistances tacitly assumes that for any given
region (bulk or interfacial), the transport properties are
constant—independent of position and local oxygen chemical
potential. In general, transport properties are functions of chem-
ical potential of oxygen (as point defect and electronic species
concentrations depend upon oxygen nonstoichiometry, which
depends on oxygen chemical potential). Unfortunately, these
dependencies are rarely known with sufficient accuracy to allow
for a quantitative and experimentally verifiable description of
transport processes. And even if known, it is often not possible
to develop a simple analytical model and one is forced to numer-
ical calculations. Such an approach is deemed unsatisfactory for
elucidating the basic concepts of the model. For this reason,
properties are assumed here to be independent of local chemi-
cal potential for any given region (interfacial or bulk). Such a
simplification only alters the details—not the general, broader
conclusions [6].

In what follows, concentration polarization is assumed to be
negligible for simplicity, and the activation polarization asso-
ciated with the extended electrode zones is also neglected.
Note the use of internal emfs for interfaces instead of the
often-used capacitors [6,12]. The filled circles at the end indi-
cate that the equivalent circuit comprises all circuit elements
inside of the filled circles. Note also that transport across the
two electrode/electrolyte interfaces is described in terms of
two parameters—resistance to ion transport and resistance to
electron transport. Thus, the area specific resistances across
the cathode/electrolyte interface are given by; r{: ionic charge
transfer resistance at the cathode/electrolyte interface, and r:
electronic charge transfer resistance at the cathode/electrolyte
interface. The ionic charge transfer resistance, ric , 1s expected to
exhibit thermally activated behavior and is often describable by
a phenomenological equation such as the Butler-Volmer equa-
tion. That is, for example, the exchange current density at the
cathode, 7§, will be inversely proportional to r;. The electronic
charge transfer resistance, r{, may also exhibit some sort of
temperature dependence, and may depend upon the local band
structure. The emf across the cathode/electrolyte interface is
given by E€, which is a measure of Ao, across the interface.
For the anode/electrolyte interface, the corresponding parame-
tersare i, rd and E*. Finally, the respective parameters across the
electrolyte are riel, rgl, and E°'. The riel and rgl are given, respec-
tively by pf‘lﬁ and pSl¢ where ,oiel is the ionic resistivity of the
membrane and p¢! is the electronic resistivity of the membrane.
Both ,of’l and pgl are expected to depend upon the temperature and
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1o, through appropriate defect equilibria, which are functions
of the defect structure, composition and temperature. However,
as stated earlier, in what follows, pie] and pgl are assumed to be
independent of (.0, and thus also independent of position.

For SOFC in most cases, except perhaps ceria-based, the
electronic resistances are much greater than the ionic resis-
tances; that is, rgl > e, rie}, rit and/or r¢ > rf, riel, r?, and/or
ra>ry, rfl, r'. In steady state, the ionic current density, /;, and
the electronic current density, I, through the three elements
of the cell; namely, cathode/electrolyte interface, electrolyte,
and anode/electrolyte interface, are uniform [6].! The exter-
nally applied load, Ry (in € cm?)? determines the two current
densities, which are given by [6]

E(Re + RL)
I =— )
RLR: + Ri(Re + RL)
and
ERy,
I = (6)
RLR: + Ri(Re + Rr)

where

E=E°+EY+ E? (7
Ri=rf+rd 18 (8)
and

Re=rS+rd 42 )

In Egs. (5)—~(7), E denotes the open circuit voltage minus
concentration polarization and possible activation polarization
associated with the extended electrode zones. The emfs ES, E¥!,
and E*, depend upon the various resistances including the load,
and E [6]. In what follows, it is assumed that concentration polar-
izations and activation polarizations associated with extended
electrode zones are small, and thus E'is assumed to be the same as
the Nernst voltage, Ey (since R > R;). Again, this only changes
the details—not the general conclusions.

2.1. Chemical potential as a function of current densities
and specific resistances

It can be shown that the chemical potential of oxygen in the
electrolyte just inside the cathode/electrolyte interface, /L%z, is
given by [6]

Ko, = Mgz +4e(r{L; — rile) (10)
where the 110,’s are defined on a per molecule basis, or
1o, = 1o, +4F( L — réle) (11)

where F is the Faraday constant and the @, ’s are defined on a
per mole basis. Similarly, the chemical potential of oxygen in

! That is v-f;=0 and v-I, =0, or in a one-dimensional case, d/;/dx=0 and
dl./dx=0.
2 Defined as load () multiplied by actual electrode area (cm?).

the electrolyte just inside the anode/electrolyte interface, “?)z’
is given by [6]

1d, = 1o, — de(ril — ril.) (12)
on a per molecule basis, or
b, = 1o, — 4FGi L — réle) (13)

on a per mole basis. In what follows, whenever e is used for
the electrical charge, all 1’s and t’s are on a per species (atom,
molecule, ion, electron) basis; and whenever F is used, all p’s
and ft’s are on a molar basis. In terms of the parameters defined
in Egs. (5)—(9) and the cell voltage, V¢, the above equations may
also be written as

(Ve —E)  réVc
1o, =u52+4e{ e T (14)
1 €
and
rA(Ve—E) r*V¢e
1, = 1O, —4e{ ey (15)
1 €

Similarly, the chemical potential of O, in the membrane as a
function of position, x, namely /Lgsmbr"‘“e(x), is given by

m;mbrane ( x) —

X p
IO o, + Z(uf‘oz — 1o,) (16)

From Eqgs. (14) and (15), the oxygen pressures in the electrolyte,
just inside the electrode/electrolyte interfaces are given by

4e (Ve — E) r$Ve
c 1 i e
Po, = Po, P {kBT { Ri Re a7
and
4e (r* (Ve —E) r2V¢
a 11 i e
Po, pozeXp{ kBT{ R; Re (18)

where kg is the Boltzmann constant, 7 is the absolute tempera-
ture, and the ideal gas law is assumed. From Egs. (10) or (14)
and (12) or (15), it is immediately apparent that in general the
chemical potentials of oxygen just inside the solid electrolyte,
across the interfaces, must be different from the correspond-
ing values in the respective gas phases. That is, we must have
“f)z #* 1“102 and ,u%b #* /1,82, when /L{)Z #* ugz and/or when an
external voltage is applied, regardless of whether the electrodes
are reversible or not. It has been a common practice to assume
that if the polarization losses are negligible (reversible elec-
trodes), then ,uf)z = ugz and “2(1)2 = ,ugz [9]. However, for this
to be the case, the terms in parentheses in Eqs. (10) and (12)
will need to be identically zero, which would be a very unusual
and a special case—and not a general case. It is for this rea-
son, an abrupt change in (10, must occur across both gas—solid
interfaces when Mloz — ,ugz # 0, and as long as there is a finite,
nonzero interface thickness, 8, even when the electrodes are
reversible. For the reasons stated earlier, the § must always be
greater than zero. Recent work on SOFC with embedded ref-
erence electrodes has indeed shown that even at OCV (when
electrodes effectively are reversible), there is an abrupt change
in (o, across electrode/electrolyte interfaces [13]. Also, for the
same reasons, the integration limits for obtaining the average of
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any [10,-dependent property of the membrane are from ;L%z and
““?)2’ and not from [Lloz and “gz' If p%)z and ,ugz are used as inte-
gration limits, the error may be particularly large for relatively
thin membranes, such as those in electrode-supported cells.

For an SOFC operating normally, /; <0 and I, > 0. Thus, Eqs.
(10) and (12), respectively become

Ko, = Ko, +4e{T = réle) = po, — 4eGfI Il + rél )

(19)
and
M%Z = 'ugz - 4'e(riali - rg e) = Mgz +4e(rialli| +F§|Ie|)

(20)

In terms of the cell voltage, this implies 0 < V¢ <E. Under
such conditions, note from Egs. (14), (15), (17)—(20) that
Ko, < /‘{)2 (and pg, < p{)z)and Ko, > Mgz (and pg, > pgz),
and it can be readily shown that /1,‘62 > ;L?)Z ( pf)z > p*(‘)z) [6].
Thus, the chemical potential of oxygen within the electrolyte,
Mgfmbm“e(x), is bounded by the values in the gas phases just
outside electrolyte/electrode interfaces. It is for this reason,
it was stated earlier that the ugs’mbrane(x) is bounded by the
values at the two electrodes (i.e. values in the gas phases out-
side the membrane), that is I’ng > /ngembm“e(x) > ugz, and not

1o, = HE"E0) = 1, [14].

2.2. Electrode polarization loss and A Mg’f””“

Egs. (19) and (20) can be used to estimate the change of
1o, across the interfaces as a function of polarization. If the
electrolyte is predominantly an ionic conductor with very low
electronic conductivity and if the electrodes are highly active
with negligible polarization losses, the implication is that at a
finite nonzero current |;|r{ — O (negligible cathode activation
polarization) and |;|r{# — 0 (negligible anode activation polar-
ization). This of course means r{ — 0 and r} — 0. For these
conditions (that is, reversible electrodes) Egs. (19) and (20),
respectively become

1S, = ub, +4eGiL — rile) ~ pb, — dert|l| @1
and
1d, =l — 4eri L — rile) ~ pud + der?|L| 22)

It is clear from Egs. (21) and (22) that in general ug, # ,u102
(and in this case pug, < “E)z) and pup, # ugz (and in this case
/ﬁ(‘)z > ugz) since one can readily have r{|I.| > 0 and ri| /| >
0, even though electrodes are reversible.

As was demonstrated recently, accurate measures of cath-
ode and anode polarizations (as rates of energy loss in the
form of heat) are given by |InS| = I2r¢ + I2r and |Ini,| =
Iizrfl + Igré‘:l in Wem™2, respectively, where [ is the measured
current (density) [6]. These equations define the cathode and
anode activation polarizations, ;. and 1%, respectively. When
R. > Rj, at finite, nonzero current in the external circuit, there
is virtually no difference between the conventionally defined
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Fig. 5. A schematic representation of a fuel cell under load (load is not shown)
with a finite current passing through the cell. It is assumed that the electrodes are
very active with negligible polarizations (reversible electrodes). Thus, ﬂ1027 ~
~c

g and ;11(')27 ~ ;18 ,_. Yet there are abrupt changes in the chemical potential of

oxygen, L0, , across the two interfaces. That is, note that M{)z #* ,u“oz and p,& #*
ugz. Thus, low polarization losses at the electrodes does not mean equilibration
of the 0,, as has been commonly assumed [9]. It is assumed here that § < £
and that § is on the order of angstroms.

polarization and that described in terms of the rate of energy
loss as heat. However, at OCV, there is a significant difference
between the two, as elaborated in [6].

The overpotential losses can be small (low activation
polarization), and still Augl;erface # 0. This is because low polar-

ization in predominantly ionic conductors means & > I2r{"* >
Igrg’a > 0 where ¢ is a positive quantity, however small. This
condition can be satisfied, and yet one has r¢|Ie| > r{|L;| > 0
and rg|l| > r|lj| = 0. When the polarization is negligible,
the implication is that L, ~ ¢, and i, ~ a2, . How-
ever, as described here and shown previously [6], one still has
Ko, # “%)2 (and in this case pg, < ,u{)z) and ug, # ,ugz (and
in this case ;ﬁc‘)z > ,ugz). This is shown schematically in Fig. 5.

2.3. A numerical example

For the purposes of illustration, let us consider the following
numerical example. The temperature is assumed to be 800 °C
or 1073 K. The open circuit voltage is 1.0V, the cell is being
operated at 0.7 V, and the net current density is 1 A cm~2. This
means the net ionic area specific resistance (ASR or R;) of the
cell is 0.3 Q cm?, which is also the measured cell specific resis-
tance, RN = RjRe/(R; + R.), since Re > R;. Let us assume that the
cathode exhibits very low polarization, characterized by a very
low r{. We will assume r{ = 0.01 Q cm?. The electronic charge
transfer resistance at the cathode is assumed as ¢ = 10° Q cm?,
which is five orders of magnitude greater than the ionic charge
transfer resistance, r{. The oxygen partial pressure at the cath-
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ode is pbz = 0.21 atm. Now, |[;| ~ 1, where I is the measured
current density (1 A cm™2), since I, < |I;]. It is readily seen that

figp- — Rp = 2Fr{|L| = 2Fr1 (23)

For the values selected, /1102, - ;162, = 0.02F (Jmol™!). This
represents an abrupt change in the electrochemical potential of
oxygen ions across the cathode/electrolyte interface—a measure
of the traditional definition of cathode activation polarization.
Note that the smaller the {, the lower is this step change in
electrochemical potential, fi2-, the lower is the cathode acti-
vation polarization, the more reversible is the cathode.? Let
us now further assume that I, =7x 107> A cm™2 (which means
R.=10* Q cm?). Itis easily seen that o' — ¢¢ = réle, where p =
—fle/e(orp = —[i./ Fif [ie is given on a per mole basis). For the
values selected, the voltage drop across the cathode/electrolyte
interface, (pI —¢%,is 0.07 V.

Finally, the uq,, — 1§, difference using Eq. (19) is given by

1o, — 1o, = 4F G| L]+ rSle) = 4F ({1 + rile) (24)

(using the molar basis). Again, the key point to note is that
the first term in the parenthesis in Eq. (24) is a measure of
cathode activation polarization as conventionally defined. This
term may be negligible compared to the second term when
electrodes are highly active. For the case considered, the first
term in the parenthesis is 0.01V (for { = 0.01 Qcm?) while
the second term is 0.07 V. Thus, from the above equatlon note
that pg, — ug, = 0.32F (Jmol™!). That is, fiy o~ R
neghglble (neghglble conventionally defined Cathode actlvatlon
polarization* or essentially a reversible cathode), but /’ng — '““82
is substantial. Fig. 5 schematically shows the abrupt drop in uo,
across the cathode/electrolyte interface. The corresponding pf)

is given by Po ~ 6.6 x 1073 atm. That is, there is an abrupt
change in po, across the interface.

As stated earlier, activation polarization loss at the cathode,
defined as heat loss per unit time per unit area is given by
|InS.,| = r$ 12 + rCI2 [6]. For the values selected here:

I, = rE1% + 1% = 0.01 x 12 4+ 10% x (7 x 1075)
=0.01449 x 10°°*Wem™2 (25)

For the assumed values, the ionic part of the polarization is
0.01 W cm—2, which is rather small. Note that polarization loss
associated with electronic charge transfer is even much smaller
(as expected due to large r¢). However, r¢ I is not insignificant,
and does indeed have a large effect on the change of o, across
the interfaces, as described here.

If the same cell is at OCV, then no current flows through
the external circuit and [; + I. =0 or I, = —I;, which is given by
10~* A cm™2. The corresponding ,41102, — [foz, ~ (. However,

31t r{ — 0, one has ﬂgb ~ [ngf (as shown schematically in Fig. 5), and
the cathode is reversible.

4 Since |Li|rf is small and Ir¢ > 12, it is understood that for the case
considered here, polarization is negligible—regardless of the definition used
(voltage loss or rate of energy loss as heat per unit area) [6].

the corresponding ,u%)z — 1o, =A ;Li(’)‘;erface # O andis given by

/J,I)Z — 1o, = 4F || +rele) = AF(r{Ie + rgle) ~ 4Flerg
= 0.4F Jmol™h)

That is, there is a large change in o, across the cath-
ode/electrolyte interface even at OCV when the cathode is per-
fectly reversible. For the aforementioned reasons, the commonly
made assumption of the equilibration of chemical potential of
oxygen across the interfaces is not valid, even when the elec-
trodes behave reversibly [9]. As stated earlier, experimental
measurements at OCV are in accord with this expectation [13].

2.4. Cellin a stack behaving normally

To recap, when a cell is behaving normally, the ionic and
the electronic currents are in the opposite directions and the
cell voltage, Vc, is posmve In such a case, the ,u,membra“e(x) is

bounded by (,uo M ) Fig. 6(a) shows a schematic variation
of the Mgzembra“e(x) W1th position for this case.

2.5. Cell in a stack behaving abnormally

Consider now a case wherein one cell in a stack has a high
resistance, and is operating such that voltage across the cell is
negative. Then we have [; <0 and /. <0. Under such conditions,
Egs. (10) and (12) become

Mg)z = ,ugz —|—4e(ricli — rgle) = “{)2 - 4€(ric|]i| - r‘e:|le|)
(26)
and
L) = g, + 4eGri| L] — réd| L))
@7)

Ko, = ,ugz — de(r?l; —

An important point to note is that even in a cell behaving abnor-
mally, the ionic current density is almost the same as the other
cells behaving normally (since |I;| >> |I.| and the net current is
the same through all series-connected cells). This also means
the rates of gas fluxes (fuel and oxidant) through the porous
electrodes towards the electrode/electrolyte interfaces to sus-
tain the current density are identical in all cells. This further
means that concentration polarizations are also the same in all
cells, each cathode/electrolyte interface is exposed to the same
chemical potential (partial pressure) of oxygen, M{)z ( pbz), and
each anode/electrolyte interface is exposed to the same chemi-
cal potential (partial pressure) of oxygen, ugz ( pgz ). Thus, even
when a cell in a stack is behaving abnormally (higher resistance),
the oxygen partial pressures just outside the electrode/electrolyte
interfaces into the electrodes are unchanged and oxidation of
nickel is not expected unless the cell membrane has physically
cracked.

In terms of the cell voltage, abnormal cell behavior implies
Ve <0< E. Note that in such a case, the relative magnitudes of
Mcoz and ,u?)z depend upon the relative magnitudes of {|I;| and
r¢lle| and ri'|I;] and r2| |, respectively (or relative magnitudes
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Fig. 6. A schematic representation of Mggmb"a"e (x) as a function of position: (a) an SOFC operating normally. The ugf’"bm"e(x) is in the (;1,})2 , ugz) range (bounded).

I; and I, in opposite directions. (b) An SOFC operating abnormally—negative voltage across the cell. The ;L'O"g’“bm“c(x) is outside the (ugz s ugz ) range (not bounded).
I; and I, in the same direction. The ‘interface’ thicknesses are not shown in the figure since § < €.

of the terms in parentheses in Egs. (14) and (15)). Note also that
under such conditions, depending upon the relative magnitudes
of r{|I;| and r¢|Ie| and r{'|I;| and rZ|I.|, the ,ug‘;mbm“e(x) can lie
outside of the (,u{)Z, /ng) range.

Consider a cell in a SOFC stack operating abnormally, that
is Ve <0. Let us also assume that cathode and anode activation
polarizations are negligible (reversible electrodes). This implies
1 /Ry < 1 and ri'/R; <« 1. Then Egs. (14) and (15) become,
respectively,

C C
~ 1 reVe 1 relVcl 1
1o, & 1o, — 4e eRe = Uo, +4e eRe > Lo, (28)
and
raVe relVel
1o, ~ “gz +4e eR = ng — 4e76R < Mgz (29)
€ €

Fig. 6(b) shows a schematic variation of ugzembra“e(x) (not
bounded) as a function of position for this case. Let us now
examine two limiting cases. In one case, we will assume that
much of the electronic resistance is associated with the cath-
ode/electrolyte interface; that is, r$ > r2, rgl. This may occur,
for example, if an electronically insulating phase forms at the
cathode/electrolyte interface during processing and/or opera-

tion. In such a case, ¢ /R ~ 1, and Eq. (28) reduces to
1o, & o, + 4e| Vel (30)

Since “E)z = ,u%z + kT In pgz (assuming the ideal gas law)
where 1, is the standard state gas phase oxygen chemical

potential and pgz is the oxygen partial pressure at the cathode
(gas phase), Eq. (30) gives

4e|Vc|
kgT

P, ~ Db, EXP { 31)

which shows that pg, > 1’102' If pg, is sufficiently large, crack-
ing/delamination at the cathode is likely. In order to estimate the

possible magnitude of pgz, numerical estimates are presented
in what follows for assumed values of parameters.

Let the operating temperature be 800 °C (1073 K). Also, let
us assume that Vo =—0.2 V. That is, while the rest of the cells
in a stack are behaving normally, voltage across one cell behav-
ing abnormally is —0.2 V. Then with air as the oxidant ( pgz =
0.21 atm), the estimated pco2 ~ 1200 atm (~17,000p.s.i. or
~117 MPa), which is an enormous pressure. The calculation
shows that even a modest value of | V| (with V¢ <0) can lead to
very large pressures. This pressure develops in the electrolyte,
just under the cathode/electrolyte interface. Under such a pres-
sure, delamination of the cathode (or near the cathode region) is
inevitable causing further damage to the cell.’ Post-test exami-
nation if the SOFC operation is voluntarily interrupted at such a
stage (Fortuitously? Because there may be no warning signs in a
stack comprising many cells), will reveal the occurrence of cath-
ode delamination. A key point to note is that such delamination
of the cathode is likely the result of internal pressure built up as
described here, and need not represent inherently bad or poor
cathode/electrolyte interface bonding. That is, the observation of
a weak (delaminated) cathode/electrolyte interface in post-test
or postmortem examination may not necessarily be related to
poor firing of the cathode or other such superficial causes. But
rather, it is a manifestation of internal pressures generated as
described here. Of course once cathode/electrolyte interface has
delaminated subsequent degradation will continue to occur and
at an accelerated pace. Once the cathode has delaminated, fur-
ther increase in cell resistance occurs leading to significant local
heating, stress development, cracking and subsequent anode
destruction by re-oxidation when fuel and oxidant locally mix
and react.

In the other limiting case, let us assume that much of the
electronic resistance is associated with the anode/electrolyte

5 Indeed, in the oxygen pumping mode pitting and electrode delamination has
been experimentally documented [4].
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interface; that is, 72 > rS, ¢

Eq. (29) reduces to

1 In such a case, ri/R. ~ 1, and

1, ~ no, —delVel (32)
The corresponding oxygen partial pressure in the electrolyte
close to the anode/electrolyte interface is given by

4e|Vc|
kgT

Pb, ~ Po, eXp { (33)
and pf‘)z < pgz. Let us assume that pg2 ~ 10720 atm,
the oxygen partial pressure in the electrode just outside
anode/electrolyte interface in the gas phase. The decompo-
sition potential of zirconia is ~2.3V at 800°C (1073 K) or
an oxygen partial pressure of ~10~** atm [15]. This means
for electrolyte decomposition to occur, the Ve < —1.3 V. Thus,
according to this model, the likely degradation mechanism
involves the occurrence of electrolyte decomposition just under
the anode/electrolyte interface when r2 > rS, rl. That is, the
mechanism predicts decomposition of the electrolyte just under
the anode/electrolyte interface—and not re-oxidation of the
anode. Once this occurs, however, cracking could occur allow-
ing fuel and oxidant to locally mix. Then under such conditions,
the local oxygen partial pressure will be sufficiently high to oxi-
dize Ni to NiO. Thus, the often-observed re-oxidation of the
anode is due to cell degradation by the above-described mecha-
nism leading to local cracking, mixing of fuel and oxidant thus
oxidizing nickel, and not as a result of presumably too high an
oxygen pressure at high current density causing oxidation of Ni
to NiO, as has been often assumed.

The likelihood of delamination at the cathode due to excess
pressure build up is greater than electrolyte decomposition at the
anode due to too low oxygen partial pressure since the required
|[Vc| is smaller (with V¢ <0). In a large stack, however, either
of the situations may occur, and without prior advance notice
unless voltages on individual cells are monitored. For example,
suppose a stack contains 100 cells, and the stack is operated
at 0.7 Vcell™! or at 70 V. It would not be hard to imagine a
‘bad’ cell operating at say —1.4 V, with all other cells operating
at 0.7212V each, for a total of 70 V. The problem is, in the
absence of measurement of voltages across each of the cells (or
at least small groups of cells), there would be no easy way of
identifying the ‘bad’ cell.

3. Degradation kinetics

Thus far, only the steady state problem has been examined.
From the standpoint of applications, an important question con-
cerns the kinetics with which stack degradation occurs, once
deviation from the normal behavior (one or more cells in a stack
operating at a V¢ <0) sets in. As stated earlier, there are a mul-
titude of causes why a cell or a repeat unit may develop a high
resistance. The question we wish to address is how long will it
require for the cell to fail, where failure is defined as electrode
delamination and/or local electrolyte decomposition, once the
cell has begun to operate abnormally (V¢ <0). In what follows,
only the case of cathode delamination by build up of pressure

in the electrolyte just inside the cathode/electrolyte interface
is addressed. Thus, the question we wish to address is: ‘How
long will it take to build up the oxygen partial pressure in the
electrolyte just under the cathode/electrolyte interface, p%z, to
a value sufficiently high to delaminate the cathode, once V¢
has gone negative?’ Unfortunately, the answer to this question
depends upon a number of factors/parameters, many of which
are not easily accessible. Nevertheless, the fundamental basis
for the calculation will be presented here, which should yield
some insight into the expected time.

In addition to all transport parameters discussed here, a crit-
ical parameter governing the time to reach a given pressure
includes the rate of change of local oxygen pressure, po,, as
a function of the number of moles of O, accumulated at the
position, no,, namely dpo,/dno,. This parameter describes the
increase in local oxygen partial pressure when one mole of O,
is locally ‘deposited’. The no,(¢) describes the net amount of
O, deposited by transport at the prescribed location, e.g. in the
electrolyte just under the cathode/electrolyte interface.

If the material (or the interfacial region) exhibits non-
stoichiometry, the relevant parameter may be the ‘chemical
capacitance’, which can also be related to the above-described
parameter. The higher the chemical capacitance, the lower will
be dpo,/dno,, and the longer will it take to reach a prescribed
pressure. A detailed knowledge of the dependence of nonsto-
ichiometry on po,, which is rarely available, is required. An
alternative approach involves the assumption of isolated (not
connected to the cathode gas phase) pores or voids at the elec-
trode/electrolyte interfaces. In such a case, the higher the pore
or the void volume, the lower is dpo,/0no,, and the longer
will it take to reach a certain pressure. This was the approach
used previously, and will be used here to discuss the kinetics of
degradation [3,4].

Let us assume that there exists an isolated pore or a void
at the cathode/electrolyte interface just inside the electrolyte,
whose volume is given by v.. In such a case, assuming the ideal
gas law,

Pf)z (Hve
RT

When p%z () exceeds some critical value, po, (cr), beyond which
electrode delamination can occur (which in turn depends upon
fracture mechanical properties such as fracture toughness or
fracture energy), cell damage will occur. As described in [4], the
cracking is expected to be stable fracture and not rapid fracture.
The ng, (¢) is given by [3,4]

nh, (1) = (34)

‘ Jhasay — By ar
AF

no, () = A 35)
where Iic(t’ ) and Iiel(t’ ) are respectively ionic current densities
in the cathode/electrolyte segment of the equivalent circuit at
time, 7, and the electrolyte segment of the equivalent circuit
at time, ¢, and A is a geometrical parameter with units of area
which is related to the pore size and geometry. Note that in a
nonsteady state, I (1") # Iiel(t’) # I3(1'), as discussed in [3,4,6].
The approach to calculations involves writing down mass bal-



A.V. Virkar / Journal of Power Sources 172 (2007) 713-724 723

ance equations in terms of time dependent ionic and electronic
current densities for the three segments of the equivalent circuit
subject to Kirchoff’s laws and initial conditions, as described in
[3] and [4]. From Egs. (34) and (35), let us write p°02 (r) as

BT, (0 RT|US0) — 12y ar

36
Ve 4\ Fu, (36)

Po,®) =

It may be conveniently assumed that whenever pgz(t) exceeds
some critical value, cracking or delamination will occur, albeit
stably [4].% The p%z(t) is a monotonically increasing function
of time. It is immediately clear that the smaller the pore vol-
ume, v, the lower will be the time required to pressurize to a
given extent. The implication is that, once the deviation has set
in (Vc <0), it is quite possible that the time required for devel-
oping a sufficiently large pressure to cause delamination may be
rather small—by comparison with typical expected service life
of an SOFC stack. Thus, the prediction is that much of the time
required for stack degradation to occur may be related to the time
required for establishing abnormal behavior (for establishing
conditions so that V¢ becomes negative). For example, this may
be due to greater oxidation of one of the interconnects (defec-
tive), or loss of contact due to seal degradation, or degradation of
contact aid, resulting in an increase in resistance. Once this has
occurred, subsequent cell and stack degradation by the mecha-
nism described here may occur very fast. Indeed, experiments
on oxygen separation systems have shown that degradation can
occur in a matter of hours, once the commensurate conditions
are established [4].

In the experiments conducted in [4], the membrane thickness
was about 2 mm. It has been shown that the time required to
achieve a given pressure increases with increasing membrane
thickness although the dependencies are different for cation
conductors and anion conductors [3,4]. In a typical electrode-
supported SOFC, the electrolyte thickness is on the order of
5-30 wm instead of the 2 mm used in earlier studies [4]. The
implication is that the kinetics of degradation will indeed be
very fast in a typical SOFC stack, once deviation has set in.
That is, virtually all of the ‘incubation’ time is spent in gener-
ating ‘bad’ conditions (cell voltage going negative). Once this
happens (V¢ <0), the subsequent degradation may occur very
fast—perhaps in a matter of minutes.

4. Possible implications concerning planar and tubular
SOFC stacks

The analysis presented here suggests possible differences in
propensity for stack degradation in planar and tubular stacks. In
planar stacks, repeat units are series-connected with rigid sepa-
rators, and often with rigid seals. Any possible variations in stack
dimensions (e.g. due to differential heating or cooling, changes

6 This statement ignores the fact that the pressure required to cause delamina-
tion is actually a function of the pore size (and shape), and fracture mechanical
models can be used to describe the relevant equations. Here, for the purposes
of a qualitative discussion, we have ignored this aspect. Ref. [4] discusses one
specific case which addresses fracture mechanical considerations.

in seals, changes in contact aids, etc.) occurring over time, how-
ever minute, will likely generate stresses in turn causing initial
weakening of interfaces, such as the interconnect/cell interface.
Such events may lead to a rise in resistance—a precursor to cell
and stack failure by the mechanism described here. Indeed, it
is often observed that contact aids introduced to ensure a good
contact between cell and interconnect or wire mesh, often bond
too strongly to one of the two electrodes (e.g. cathode) or the
wire mesh. Repeated heating/cooling, or even operation under
fixed conditions, may lead to debonding (delamination) of such
interfaces and rise in resistance, build up of pressure by the
mechanism described here causing cathode delamination and
subsequent degradation. In tubular stacks, on the other hand,
series connections between cells are pliable/flexible and usually
large stresses are not expected to develop across connections
due to differential heating/cooling. Thus, the likelihood of rise
in resistance and subsequent delamination as described here, is
expected to be lower. The preliminary analysis thus suggests that
tubular stacks may likely be more resistant to long term degrada-
tion compared to planar stacks, assuming there is no degradation
of contacts in tubular stacks. Perhaps the reported long term
durability or robustness of Siemens-Westinghouse stacks may
well be related to this aspect. Insofar as planar stacks are con-
cerned, those using flexible or compliant seals with a constant
externally applied load on the stack (such as through springs
located in the cold zone outside the stack) may be more resis-
tant to degradation than stacks using rigid glass or glass ceramic
seals wherein some loss of contact may occur over time due to
slight dimensional changes resulting in the type of degradation
described here.

5. Implications of the analysis and materials’ properties

Using Egs. (5)-(15), anumber of scenarios can be envisioned
based on transport properties of the membrane and interfaces,
with a particular emphasis on the electronic transport prop-
erties. That is, even though the electronic transport is much
lower than ionic transport (electrolyte being a predominantly
ionic conductor), whether or not a cell will degrade under given
operating conditions will mainly be dictated by the low level
electronic conduction. As an example, if 7$ > r€l, r? so that
re/Re ~ 1, then even a small magnitude of V¢ (with V¢ <0)
may lead to large pressures just inside the electrolyte under the
cathode/electrolyte interface, leading to cracking and/or cathode
delamination. It has been demonstrated that modest levels of
applied voltage in an oxygen pumping mode can degrade YSZ,
where degradation manifests as small pits in the electrolyte and
delamination of electrodes [4]. In the present case, the existence
of a negative voltage across a ‘bad’ cell in a stack leads to an
analogous situation. If, on the other hand, r2 > r¢!, r¢, so that
r8/ R ~ 1, then the mechanism of degradation will involve elec-
trolyte decomposition at the anode/electrolyte interface. This
will require that the magnitude of |V¢| > 1.3V, with V¢ <0. This
condition is somewhat more difficult to meet, with the expec-
tation that electrolyte degradation by decomposition (and thus
cell and stack degradation), is less likely. This suggests that
a somewhat larger electronic charge transfer resistance at the
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anode may be acceptable, but not at the cathode. However, as
stated previously, in a stack with a large number of cells, this
is also a likely scenario, and electrolyte decomposition at the
anode/electrolyte interface is quite possible. Thus, depending
upon interface transport properties, both mechanisms of ini-
tial deviation are likely. Unfortunately, in a typical planar stack,
when voltages on individual cells are not monitored, it would
be virtually impossible to observe any warning signs by simply
monitoring stack voltage and stack current. That is, for all prac-
tical purposes, such occurrences leading to degradation would
appear to be rather sudden, even though the development of
undesirable conditions leading to deviation may have been in
the making for a long time. Postmortem also may not reveal
the cause (or causes) of degradation since considerable dam-
age often occurs to cells/stack, and the initial precursor damage
may leave little identifiable signature. If however the stack oper-
ation is voluntarily interrupted to examine the stack prior to the
occurrence of substantial damage, if the above mechanism is
operative, the identifiable signature would be the observation of
cathode delamination on those cells exhibiting higher resistance
than the rest of the cells. This suggests that the ability to mea-
sure voltage across each cell, especially in planar stacks, could
be important in preventing catastrophic failure—assuming that
the knowledge of one or more cells going ‘bad’ would allow one
to do repairs and conduct preventative maintenance. An alternate
approach may involve externally shorting the ‘bad’ cell.

Finally, as the occurrence of deviation is dependent on the
electronic transport parameters, the present work suggests that
cell and stack degradation may be prevented or suppressed or
postponed by tailoring the transport properties of the membrane
and the interfaces, with a particular emphasis on the low level
electronic conduction. It would appear that suitable dopants
could be identified towards this end.

6. Summary

A model for cell/stack degradation, based on transport prop-
erties of the membrane and electrolyte/electrode interfaces, is
presented. Electronic transport, however small, is shown to be
central to the development of conditions leading to cell and

stack degradation. It is shown that a cell with a higher resis-
tance compared to the rest of the cells in a stack and operating
under a negative voltage will be prone to degradation, where
degradation manifests as a large increase or decrease in the oxy-
gen chemical potential in the membrane, ,uglzembra“e (and thus
large increase or decrease in the membrane po,), just under the
electrode/electrolytes interfaces.” Either situation may lead to
stack degradation. It is also suggested that planar stacks may
be more prone to such degradation than tubular stacks. If con-
tacts degrade, however, tubular cell stacks, especially those with
long axial current collection paths, may exhibit the same type
of degradation as described here.
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