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a b s t r a c t

It is well known that cell imbalance can lead to failure of batteries. Prior theoretical modeling has shown
that similar failure can occur in solid oxide fuel cell (SOFC) stacks due to cell imbalance. Central to failure
model for SOFC stacks is the abnormal operation of a cell with cell voltage becoming negative. For inves-
tigation of SOFC stack failure by simulating abnormal behavior in a single cell test, thin yttria-stabilized

◦

eywords:
olid oxide fuel cell
OFC
tack failure
egradation

zirconia (YSZ) electrolyte, anode-supported cells were tested at 800 C with hydrogen as fuel and air as
oxidant with and without an applied DC bias. When under a DC bias with cell operating under a negative
voltage, rapid degradation occurred characterized by increased cell resistance. Visual and microscopic
examination revealed that delamination occurred along the electrolyte/anode interface. The present
results show that anode-supported SOFC stacks with YSZ electrolyte are prone to catastrophic failure
due to internal pressure buildup, provided cell imbalance occurs. The present results also suggest that the

s in a

i
t
a
s
i
o
a
t
e
t
a
t

a
c
d
cussion in this paper is restricted to planar SOFC stacks. A survey of
literature shows that no discussion of SOFC stack failures due to cell
greater the number of cell

. Introduction

It has been known that cell imbalance characterized by higher
esistance and lower capacity than the remaining cells in a series-
onnected battery can lead to failure of the entire battery [1–14].
uring charging, voltage across such a cell behaving abnormally
xceeds that across the other cells exhibiting normal behavior.
uch a cell can overheat and result in cell failure which prop-
gates to adjacent cells leading to the failure of the series leg.
ailure of battery packs due to cell imbalance can also occur
uring discharge. There is extensive battery literature on prema-
ure failure due to cell imbalance, a problem which has defied

satisfactory solution. Many engineering solutions have been
eveloped to minimize cell and battery failures. These include

ncorporating additional circuitry for charge equalization with
apacitor/resistor banks, and independently monitoring individ-
al cells [4–9,12–14]. Such an approach is possible if the number
f cells in a battery is not too large. The greater the number
f cells in series, the greater is the probability of cell imbal-

nce. It is known that a battery having as few as 10 cells
s subject to this problem and the occurrence of premature
ailure.

∗ Corresponding author. Tel.: +1 801 581 5396; fax: +1 801 581 4816.
E-mail address: anil.virkar@m.cc.utah.edu (A.V. Virkar).
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n SOFC stack, the greater is the propensity to catastrophic failure.
© 2008 Elsevier B.V. All rights reserved.

There is a significant parallel between batteries and fuel cells
n that both are active electrochemical devices and a number of
hem must be connected in series to realize a sufficiently high volt-
ge of practical value. In fuel cells, the problem is potentially more
erious for two reasons: (1) The open circuit voltage (OCV) of a typ-
cal fuel cell is about 1 V, compared to 1.5 V for alkaline batteries
r over 3 V for lithium ion batteries. Thus, to realize a given volt-
ge, a greater number of fuel cells must be connected in series than
ypical batteries, which increases potential for imbalance. (2) For
conomic and practical reasons, current efforts are being directed
owards increasing active area of fuel cells, in some cases, as large
s 1000 cm2 in size. The greater the cell active area, the greater is
he potential for cell imbalance1 and premature failure.

In a recent paper, one of the authors of this manuscript proposed
mechanism of failure in solid oxide fuel cell (SOFC) stacks due to

ell imbalance [15]. The origin of failure lies in stack issues and yet
epends on thermodynamics and transport theory [16–18]. All dis-
mbalance has been published (to the authors’ knowledge) with the
xception of the above-referenced recent paper [15]. Unpublished

1 In batteries, cell imbalance usually refers to differences in cell capacity and cell
esistance. In fuel cells, cell imbalance would mean primarily differences in cell
esistance and possible differences in channel dimensions restricting gas flow, which
ould be analogous to battery cells having different capacities.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:anil.virkar@m.cc.utah.edu
dx.doi.org/10.1016/j.jpowsour.2008.07.051
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Nomenclature

Adel Fraction of interface area delaminated
e electronic charge (C)
E Nernst voltage (V)
Eb DC bias voltage
Es = (N − 1)E source voltage (open circuit voltage of (N − 1)

series-connected identical cells)
F Faraday constant (C mol−1)
Ii ionic current density through the cell (A cm−2)
Ie electronic current density through the cell (A cm−2)
IL load current
kB Boltzmann constant
N number of cells in a stack
pO2 oxygen partial pressure
pamb

O2
oxygen pressure in the atmosphere (0.21 atm)

pint
O2

oxygen pressure at the interface
rc
i area specific cathode/electrolyte interface ionic

resistance (�cm2)
ra
i area specific anode/electrolyte interface ionic resis-

tance (�cm2)
rel
i area specific electrolyte ionic resistance (�cm2)

rc
e area specific cathode/electrolyte interface elec-

tronic resistance (�cm2)
ra
e area specific anode/electrolyte interface electronic

resistance (�cm2)
rel
e area specific electrolyte electronic resistance

(�cm2)
R ideal gas constant
Ri = rc

i + rel
i + ra

i area specific ionic cell resistance (�cm2)
Re = rc

e + rel
e + ra

e area specific electronic cell resistance
(�cm2)

RL load resistance
Rs = (N − 1)RC source resistance (resistance of (N − 1) series-

connected identical cells)
T temperature (K)
VC cell voltage (V)

Greek letters
˚ electrostatic potential
ϕ = − �̃e

e reduced (negative) electrochemical potential of
electrons or electric potential (V)

ϕI electric potential of the cathode (V)
ϕII electric potential of the anode (V)
�̃e electrochemical potential of electrons
�e chemical potential of electrons
�O2 chemical potential of oxygen
�cathode

O2
= �I

O2
chemical potential of oxygen in the gas phase

at the cathode (just outside the electrolyte/cathode
interface in the cathode)

�anode
O2

= �II
O2

chemical potential of oxygen in the gas phase
at the anode (just outside the electrolyte/anode
interface in the anode)

�electrolyte
O2

chemical potential of oxygen within the elec-
trolyte

�c
O2

chemical potential of oxygen in the electrolyte, just
under the cathode

�a
O2

chemical potential of oxygen in the electrolyte, just
under the anode
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ork has shown that stack failures do occur even when a single
ell in an otherwise normal stack exhibits abnormal behavior (high
esistance).

One of the authors of this paper has proposed a model describ-
ng failure of cationic and anionic conducting solid electrolytes in
uch devices as batteries and electrochemically driven oxygen sep-
ration systems [19,20]. Subsequent work showed that electrically
riven system is fundamentally different in minute (albeit impor-
ant) details than a device such as a single SOFC [21]. It was shown
hat chemical potential of a neutral species (e.g. oxygen, O2) inside
n electrolyte of a single SOFC is mathematically bounded by cor-
esponding values in the gas phases at the electrodes, �anode

O2
and

cathode
O2

. That is, the chemical potential of oxygen, �O2 in the solid

lectrolyte of a single SOFC is bounded by �anode
O2

and �cathode
O2

; or
anode
O2

≤ �electrolyte
O2

≤ �cathode
O2

[21]. Local equilibrium2 implies that

O2 (as a gas) is completely and uniquely defined (consistent with
local’ conditions) in a fully dense electrolyte, and assuming ideal
as law it means �O2 = �o

O2
+ kBT ln pO2

3 is valid inside a fully
ense solid [16–18]. Thus the �O2 and pO2 in a fully dense solid
lectrolyte are meaningfully defined. This is well known in the
stablished transport theory, although its significance and impli-
ations are rarely emphasized [17,18].

The analysis shows that in electrically driven systems (such
s oxygen separation under applied voltage), �O2 in the solid
lectrolyte need not be mathematically bounded by correspond-
ng values in the gas phases [21]. That is, the analysis shows
hat �anode

O2
>=< �electrolyte

O2
and �electrolyte

O2
>=< �cathode

O2
or the

electrolyte
O2

can lie outside the cathode–anode range [21]. If the
electrolyte
O2

is too low, local electrolyte decomposition may occur by

reaction of the type ZrO2 → Zr + O2. If the �electrolyte
O2

is too large,
igh internal �O2 may lead to cracking. It can be shown that oxygen
as can ‘precipitate’ at defects (may be small pores, grain bound-
ries, etc.) and force the solid open – that is force it to crack [20].
arious transport parameters (electrolyte and interface) determine

f �electrolyte
O2

falls below the decomposition potential or increases to
value high enough to generate locally high internal pressures and
ause cracking and failure [15,21]. The general conclusions of the
ork show that whether the �O2 is bounded or not depends on

he relative directions of ionic and electronic currents through the
lectrolyte – if ionic and electronic currents through the electrolyte
re in opposite directions, �O2 is bounded; if ionic and electronic
urrents through the electrolyte are in the same direction, �O2 need
ot be bounded [21]. The magnitude of the electronic current may
e very small compared to ionic current, but still its direction is

mportant and can have a profound effect on membrane stability
21].

.1. An SOFC stack

If all cells (repeat units) in a stack have the same resistance,
ehavior of each cell in the stack is the same as an isolated (single)
OFC or a repeat unit. However, if one (or more) cells exhibit higher
esistance than the rest, such a cell can be electrically driven. An

xtreme case consists of a bad cell (one with a higher resistance)
eing driven by the rest of the cells such that voltage across the
riven cell becomes negative. This is illustrated via the following
xample. Consider a stack with 100 cells. Let us suppose 99 of them

2 I. Prigogine’s Nobel lecture (1977), www.nobelprize.org.
3 If the �O2

is defined on a per mole basis, the Boltzmann constant, kB, is replaced
y the gas constant, R.

http://www.nobelprize.org/
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ig. 1. (a) Voltage per cell vs. current density in an SOFC stack with a total of N ce
amely R′

C > RC. (b) An SOFC stack with (N − 1) identical cells and one cell having
hrough each cell is ionic, with the electronic current through the cell being neglig
re in the same direction.

re identical with an area specific resistance (ASR) of each being
.5 �cm2. However, there is one bad cell with an ASR of 1.5 �cm2. If
he OCV is 1 V, and 99 cells are operated at 0.6 V, the current density
s 0.8 A cm−2. Since all cells are connected in series, current through
he bad cell is also 0.8 A cm−2. As the ASR of the bad cell is 1.5 �cm2,
oltage drop across this cell is 1.2 V. But the OCV for each cell is 1 V.
hus, voltage across the bad cell is given by 1 − 1.2 = −0.2 V; that
s, bad cell operating under a negative voltage. Fig. 1(a) shows a
chematic of such a situation.

.2. Directions of ionic and electronic currents and chemical
otentials

In terms of ionic current density, Ii, through the electrolyte, elec-
ronic current density, Ie, through the electrolyte (however small),

O2 in the electrolyte just inside cathode (�c
O2

) and just inside anode

�a
O2

) are given by ref. [21]4
c
O2

= �I
O2

+ 4e(rc
i Ii − rc

eIe) (1)

a
O2

= �II
O2

− 4e(ra
i Ii − ra

e Ie) (2)

4 The �e, �̃e, and �O2
are defined here on a per molecule basis. If defined on a per

ole basis, the electronic charge, e, is replaced by the Faraday constant, F.

�

t
c

the cells, (N − 1) are all identical with ASR = RC, and one cell has a higher ASR, R′
C,

her resistance and operating under a negative voltage. The predominant current
the cell operating under a negative voltage, the ionic and the electronic currents

here �I
O2

= �cathode
O2

is the �O2 in the cathode gas, �II
O2

= �anode
O2

s the �O2 in the anode gas, rc
i is the ionic interfacial area specific

esistance at the cathode/electrolyte interface, rc
e is the electronic

nterfacial area specific resistance at the cathode/electrolyte inter-
ace, ra

i is the ionic interfacial area specific resistance at the
node/electrolyte interface, and ra

e is the electronic interfacial area
pecific resistance at the anode/electrolyte interface [15,21]. The
xygen ion flux through the electrolyte occurs from the cathode to
he anode. Thus, ionic current density Ii < 05. When a cell is oper-
ting normally, cathode is at a higher electric potential, ϕ (where
= −�̃e/e and �̃e = �e − e˚ is the electrochemical potential of

lectrons, �e is the chemical potential of electrons, e is electronic
harge, and ˚ is electrostatic potential) than the anode. Thus, elec-
ron flux through electrolyte, however small, occurs from anode to
athode. Thus, electronic current density Ie > 0. That is, Ii and Ie are
f opposite signs. Then, Eqs. (1) and (2) become [15,21]
c
O2

= �I
O2

+ 4e(rc
i Ii − rc

eIe) = �I
O2

− 4e(rc
i
∣Ii∣ + rc

e
∣Ie∣) < �I

O2
(3)

5 The positive ‘x’ direction is taken to be from the cathode (through the electrolyte)
o the anode. Thus, oxygen ions transport along the positive ‘x’ direction, which
onstitutes a negative ionic current since oxygen ions are negatively charged.
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a
O2

= �II
O2

− 4e(ra
i Ii − ra

e Ie) = �II
O2

+ 4e(ra
i

∣∣Ii∣∣ + ra
e

∣∣Ie∣∣) > �II
O2

(4)

This means, �I
O2

≥ �c
O2

> �a
O2

≥ �II
O2

[15,21]. That is, when a
ell is operating properly (normally), �O2 within the electrolyte
s mathematically bounded by corresponding values at the two
lectrodes (gas phases).

For the illustration with 100 cells, this means 99 cells are oper-
ting normally (the cathode at a higher electric potential, ϕI, than
he anode, ϕII, or ϕI − ϕII > 0) but one cell is operating abnormally
the anode at a higher electric potential, ϕII′ , than the cathode, ϕI′ ,
r ϕII′ − ϕI′ > 0). For the cell operating abnormally (negative termi-
al voltage, anode at a higher electric potential than cathode), note
hat the direction of ionic current is the same as the rest of the cells
ut that of electronic current has reversed (Fig. 1(b)). In this cell,
lectron flow through the electrolyte also occurs from the cathode
o the anode. Thus, for this cell, I′i < 0 and I′e < 0. Then Eqs. (1) and
2) become [15,21]

c′
O2

= �I
O2

+ 4e(rc′
i I′i − rc′

e I′e) = �I
O2

− 4e(rc′
i

∣∣I′i∣∣ − rc′
e

∣∣I′e∣∣) (5)

nd

a′
O2

= �II
O2

− 4e(ra′
i I

′
i − ra′

e I′e) = �II
O2

+ 4e(ra′
i

∣∣I′i∣∣ − ra′
e

∣∣I′e∣∣) (6)

In Eqs. (5) and (6), various parameters are given with a ‘prime’,
amely, rc′

i , rc′
e , ra′

i , ra′
e , ϕII′ , ϕI′ , �a′

O2
, and �c′

O2
to emphasize a cell

ehaving abnormally. A key point is that the magnitude of elec-
ronic current is negligible compared to ionic current through all
ells, including the cell behaving abnormally. Note that

i + Ie = I′i + I′e = IL (7)

here IL is the load current6 measured in the external circuit. As
he electrolyte is an ionic conductor,

∣∣Ii∣∣ ,
∣∣I′i∣∣ >>

∣∣Ie∣∣ ,
∣∣I′e∣∣, and thus

i ∼= I′i but Ie /= I′e. Important difference between cells behaving nor-
ally and those behaving abnormally is the difference in the signs

f Ie and I′e (Fig. 1(b)). The relative magnitudes of rc′
i

∣∣I′i∣∣ and rc′
e

∣∣I′e∣∣
etermine whether �c′

O2
is greater or smaller than �I

O2
(Eq. (5)),

nd relative magnitudes of ra′
i

∣∣I′i∣∣ and ra′
e

∣∣I′e∣∣ determine whether
a′
O2

is greater or smaller than �II
O2

(Eq. (6)). Such a cell can degrade,
nd degradation may propagate to adjacent cells. This is the funda-
ental mechanism of SOFC stack degradation proposed previously

15].
In ref. [15], cathode activity was assumed to be excellent, that

s rc′
i ≈ 0 such that rc′

e

∣∣I′e∣∣ >> rc′
i

∣∣I′i∣∣. For this case, �c′
O2

≈ �I
O2

+
erc′

e

∣∣I′e∣∣ > �I
O2

during abnormal cell behavior. Should this situa-
ion occur, cell degradation will manifest as cathode delamination.
here are, however, many possibilities depending upon relative
alues of transport parameters [15,21]. For example, if ra′

i

∣∣I′i∣∣ >>
a′
e

∣∣I′e∣∣ and rc′
i

∣∣I′i∣∣ >> rc′
e

∣∣I′e∣∣, then �a′
O2

> �II
O2

and �c′
O2

< �I
O2

. Then
elamination may occur at anode/electrolyte interface. The objec-
ive of this work is to experimentally determine if delamination
ccurs under abnormal behavior and the location of delamination.

.3. SOFC stack with one cell having a higher resistance than the
est of the cells
We consider an SOFC stack with N cells of which (N − 1) cells
ach has resistance RC, and one (bad) cell has resistance R′

C such that
′
C > RC. The Nernst voltage for each cell (including the bad cell)

6 As Ii and Ie are current densities (A cm−2) through the electrolyte, IL is the load
urrent defined per unit electrolyte/electrode interface area (A cm−2).

l
s

V

i
r

ig. 2. (a) A simplified equivalent circuit for an SOFC stack. (N − 1) cells are identical
ith resistance RC. One cell has a resistance R′

C where R′
C > RC. The Nernst voltages

re the same for all cells. RL is the external load. (b) An equivalent circuit for the
ame stack. The (N − 1) identical cells are lumped as Es = (N − 1)E and Rs = (N − 1)RC.

s E. A simplified equivalent circuit (neglecting low level parallel
lectronic current [15,21]) is given in Fig. 2(a). The net current is
iven by

L = NE

(N − 1)RC + R′
C + RL

(8)

here RL is the load. Fig. 1 is a schematic of a SOFC stack. Equivalent
ircuit by lumping (N − 1) identical cells into one source is given in
ig. 2(b) with Es = (N − 1)E and Rs = (N − 1)RC.

.4. Simulation of abnormal cell behavior in a stack by a single
ell test

Central to the mechanism of SOFC stack failure model proposed
n ref. [15] is the operation of at least one cell under a negative volt-
ge. In a stack containing many cells, this can occur as some changes
n cell and repeat unit characteristics occur during operation, and

ithout the experimenter/operator’s knowledge unless voltages
n individual cells are monitored. This suggests that stack failure
odel can be verified on a single cell, provided it is operated under
negative voltage (anode at a higher electric potential than cath-
de). Experimental arrangement consists of externally connecting
variable DC power supply to a cell, in addition to load, such that

he positive of the power supply is connected to the anode and
egative of the power supply is connected to the cathode. The cor-
esponding equivalent circuit is shown in Fig. 3(a) (compare this
o equivalent circuit for SOFC stack in Fig. 2(b)). If the externally
pplied voltage from the DC power supply is Eb (which would be
ike Es for an actual SOFC stack) and if load is RL (which for SOFC
tack is the sum of Rs and load), voltage across the cell is given by

′
(

E + Eb
)

′ ERL − EbR′
C

C = E − IRC = E −
R′

C + RL
RC =

R′
C + RL

(9)

If EbR′
C < ERL, VC > 0, and the cell behaves normally. However,

f EbR′
C > ERL, cell voltage will be negative, that is, VC < 0, which

eplicates abnormal cell behavior in an SOFC stack. Fig. 3(b) shows
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ig. 3. (a) An equivalent circuit for simulating a bad cell behavior in an SOFC stack
sing a single cell test. Eb is external bias and RL is the load. (b) A schematic of the
oltage vs. current plot for the test procedure shown in (a). As the Eb is increased,
he cell is forced to operate under a negative voltage.

nticipated voltage vs. current plot as Eb is varied. The objective of
his work is to simulate such a situation using a single cell test.
he experimental procedure and results obtained are presented
nd discussed in what follows.

. Experimental procedure

.1. Demonstration of abnormal behavior in an alkaline cell
attery

The objective of this experiment was to demonstrate operation
f an off-the-shelf alkaline cell under a negative voltage in a battery.
n order to simulate this situation, an experiment was conducted on
tandard alkaline cells of sizes D and AAA. Their voltage vs. current
haracteristics were measured. D and AAA cells have different sizes,
hich results in different cell resistances (and capacities). Their

hemistries are the same, and thus exhibit the same OCV. Eight D
ells and one AAA cell were connected in series. The voltage vs.
urrent characteristics of the assembled battery (placed in a hood)
as recorded. The voltage across the AAA cell was also recorded. As

ll cells were connected in series, for any one measurement, current
hrough each cell was the same.
.2. Solid oxide fuel cell fabrication

A typical solid oxide fuel cell used in this work was anode-
upported comprising six distinct layers as shown in Fig. 4. Cells
ere fabricated using the following procedure. Anode support

2

t
e

ig. 4. A schematic of anode-supported cells comprising six layers used in this work.

ape containing 65 wt.% NiO and 35 wt.% yttria-stabilized zirconia
YSZ) (composition: 8 mol.% Y2O3 and 92 mol.% ZrO2), anode func-
ional layer tape containing 60 wt.% NiO and 40 wt.% YSZ and YSZ
lectrolyte layer tape were prepared. These three tapes were lam-
nated into one tape. The laminated tape was punched into discs
f 3.7 cm diameter, bisque-fired at 950 ◦C for 2 h, and sintered at
400 ◦C for 2 h. The thickness of the electrolyte was ∼10 �m. Porous
athode functional layer containing 50 wt.% LSM and 50 wt.% YSZ
as screen-printed on the electrolyte surface followed by firing at

185 ◦C. A layer of porous LSM was applied over the cathode func-
ional layer followed by firing at 1165 ◦C. Finally, a layer of porous
SC was applied followed by firing at 1100 ◦C.

.3. SOFC degradation testing by applying an external DC bias

A cell was spring loaded in a specially designed fixture with
mica gasket at the fuel side. All measurements were made at a

ell temperature of 800 ◦C. A gas mixture with 10% H2 and balance
itrogen was circulated over the anode surface to reduce NiO to
i. Fuel was then changed to ∼100% H2 for cell tests while air was
irculated past the cathode. The following two types of tests were
erformed. (1) Cell voltage and current density under fixed exter-
al load were measured without applying a DC bias (Eb = 0). After
ell voltage under load stabilized, a DC bias was applied (Eb > 0)
sing a power supply to operate the cell under a negative voltage
VC < 0) (Fig. 3(a)). The cell was operated in a constant current mode.
s the cell resistance changed due to degradation, applied DC bias
utomatically adjusted to maintain current constant. This simu-
ates abnormal cell behavior in an SOFC stack. This procedure was
epeated one more time, and the test was discontinued. (2) Per-
ormance characteristics were measured on another cell without
pplying a DC bias. The external load was removed, and OCV was
easured. Then a DC bias was applied and the cell was operated

nder a negative voltage in a constant current mode. After some
ime, external bias and load were removed. The OCV and cell per-
ormance characteristics were again measured. Then external DC
ias was applied and cell was again operated under a negative volt-
ge in a constant current mode. After some time, external bias was
emoved and cell performance was measured. After each test under
negative voltage, any increase in cell ASR could be attributed to
amage created during cell operation under a negative voltage. Test
rocedure is illustrated in Fig. 5.
.4. Post test examination

After testing, cells were observed visually. Cells were also frac-
ured and possible damage was examined visually and by scanning
lectron microscopy (SEM).
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Fig. 5. The protocol used for cell testing under a negative voltage.

.5. Generation and measurement of high internal oxygen
ressures
To electrochemically generate and measure internal pO2 under
n applied voltage, the following experiment was performed. A
i-layer sample of YSZ and YSZ + ceria was fabricated. Some ceria
as added to increase electronic conductivity in part of the sample

ig. 6. A schematic of the YSZ/YSZ + ceria bi-layer cell and test procedure. A reference
lectrode is embedded at the interface and is isolated from the atmosphere using
n oxygen impermeable sealing glass.
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20]. The following procedure was used.Sample fabrication: A pow-
er mixture with 95 mol.% 8YSZ and 5 mol.% cerium oxide was ball
illed for 24 hrs. A disc of 3.3 cm in diameter and 2 mm in thickness
as pressed and bisque-fired at 950 ◦C. Platinum paste was applied

s a thin and a narrow strip on one face of the disk. A slurry of 8YSZ
as prepared in butyl alcohol. The YSZ slurry was drop-coated over
ost of the disk surface with the platinum strip except for a small

art of the Pt strip. The bi-layer cell was sintered at 1450 ◦C for 4
rs. The YSZ layer thickness was 50 �m. The YSZ + ceria layer was
round down to ∼1.5 mm from the other side. Platinum paste was
pplied as electrodes on the two surfaces of the disk. A thin layer of
latinum as a reference electrode was also applied on the YSZ layer
or measuring voltage between this (exposed) electrode and the
mbedded electrode positioned at YSZ/YSZ + ceria interface. Plat-
num wires were attached to all electrodes. Exposed part of the
mbedded reference electrode was coated with a paste of an oxygen
mpermeable sealing glass in ethylene glycol, and fired at 850 ◦C to
solate it from the atmosphere [22].Cell test: The bi-layer disk was
oaded in a test fixture and inserted into a tube furnace. A voltmeter
as connected between the surface and embedded reference elec-

rodes. The disk was heated to 800 ◦C in air. A DC voltage (1 V) was
pplied across the cell, with the YSZ side electrode functioning as
athode and the YSZ + ceria side electrode as anode. That is, oxy-
en was pumped through the cell from cathode to anode. Voltage
etween the two reference electrodes was continuously monitored.
ig. 6 shows a schematic of the bi-layer sample and test procedure.

. Results and discussion

.1. Demonstration of abnormal behavior in an alkaline cell
attery

Voltage–current behaviors for D and AAA cells were measured.
he OCV for each cell was ∼1.55 V. The resistances of D and AAA cells
ere 0.267 � and 0.453 �, respectively. Fig. 7(a) shows results of
battery test in which eight D cells and one AAA cell were con-
ected in series. Upper trace is for the complete battery. The OCV
as ∼14.2 V and the battery resistance was ∼2.275 �. The lower

race is for the AAA cell in the battery. At a current of ∼2.9 A, the
attery voltage was ∼8.2 V. The corresponding voltage across the
AA cell was ∼0 V. Beyond 2.9 A, the AAA cell operated under a neg-
tive voltage. The voltage on this cell also continued to decrease
increase in magnitude) at constant current once voltage was neg-
tive (Fig. 7(b)). This represents abnormal behavior for the cell
perating under a negative voltage and results from a significantly
reater resistance than the D cells. The maximum current passed
hrough the battery was 4.5 A. The corresponding voltage across the
attery was ∼5.0 V, that across each D cell was ∼0.645 V and that
cross the AAA cell was −0.4 V, which kept decreasing (increas-
ng in magnitude). The test demonstrated that a cell with a higher
esistance than the remaining cells in a battery could be operated
nder a negative voltage and continued to degrade. This constitutes
bnormal behavior. The main objective of this work is to exam-
ne the role of abnormal cell behavior in an SOFC stack and its
mplications concerning stack failure.

.2. Solid oxide fuel cell (SOFC) tests without and with an applied
C bias
Fig. 8 shows results of an SOFC test under no applied bias.
he OCV was ∼1.04 V. Once the cell stabilized an external load
as connected and the cell was operated under a constant

urrent (IL = 0.82 A cm−2) for ∼360 min (6 h). The voltage ini-
ially varied from ∼0.6 V to ∼0.645 V for an hour, indicating a
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Fig. 7. (a) Voltage vs. current performance test on a battery with eight D cells and one
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to) the electrolyte/anode interface (just inside the electrolyte).
AA cell in series. For current >2.9 A, the AAA cell operated under a negative voltage
that is behaving abnormally. (b) Voltage vs. time across the eight D cells + one AAA

ell battery and across the AAA cell as the external load was varied. Once the voltage
cross the AAA cell became negative, the cell began to degrade.

light improvement in performance. Thereafter, voltage remained
onstant, indicating stable cell performance. The cell ASR was
C ≈ 0.482 �cm2. A DC bias Eb ≈ 2 V was then applied as shown

n Fig. 3(a). The corresponding cell voltage was −0.142 V (anode

t a higher voltage than cathode − cell operation under a neg-
tive voltage). The test was conducted under constant current
IL = 2.14 A cm−2). The cell voltage continually decreased (increase
n magnitude), similar to imbalance in alkaline cell tests (Fig. 7(b)).

ig. 8. A single SOFC test at 800 ◦C with hydrogen as fuel and air as oxidant. Stable
erformance over the duration of the test (∼6 h).

t
a

F
o

ig. 9. Operation of the cell under an applied DC bias with cell operating under a neg-
tive voltage and in a constant current mode (current density = 2.14 A cm−2). Over
he duration of test (∼200 min), cell voltage decreased from −0.142 V to −0.469 V.

fter about 200 min, the VC dropped to −0.469 V at an approximate
ate of −1.6 mV min−1 and to maintain current constant, Eb auto-
atically increased to ∼2.3 V (Fig. 9). The bias was removed and

he cell was maintained under open circuit condition for a period
f time. Again a DC bias was applied and the cell was operated
t IL = 2.17 A cm−2 for about 10 min. The VC initially was −0.77 V
nd decreased to −1.0 V at a rate of −23 mV min−1 (Fig. 10). The
orresponding Eb varied between 3.2 V and 3.3 V. The lower ini-
ial voltage (higher magnitude) at the beginning of the second test
−0.77 V) compared to that at the end of the first test (−0.469 V)
ndicated that cell resistance continued to increase after the end of
rst test even when idling. That is, damage induced during the first
est continued to propagate even when idled. The cell was cooled
o room temperature and examined visually. It was observed that
he cell had delaminated. The cross section of the delaminated cell
as examined in an SEM. Fig. 11(a) shows that the YSZ electrolyte

ayer was bonded to the cathode but had completely delaminated
rom the anode. Another cell was subjected to a similar test. The
ell was removed in a partially delaminated state. Fig. 11(b) shows
hat in this case also, delamination occurred along (actually close
The observations just described have important implica-
ions. First, this means high pO2 in the electrolyte just under
node/electrolyte interface must have formed when operated

ig. 10. Another test at a constant current of 2.17 A cm−2 under an applied DC bias
n the same cell as in Fig. 9. The cell voltage varied between −0.77 V and −1.0 V.
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Fig. 11. (a) An SEM micrograph of a fully delaminated cell showing that delamination
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Fig. 12. Voltage measured between the embedded reference electrode at the
YSZ/YSZ + ceria interface and the one on the YSZ surface with DC voltage (1 V)
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ccurs along the electrolyte/anode interface with the cathode well bonded to the
lectrolyte. (b) An SEM micrograph of another partially delaminated cell showing
hat delamination occurs along the electrolyte/anode interface with the cathode
ell bonded to the electrolyte.

nder a negative voltage causing delamination. In ref. [15], case cor-
esponding to a high pressure buildup in the electrolyte just under
athode/electrolyte interface was examined. As described in refs.
15,21], relative transport properties of interfaces and electrolyte
ictate the variation of �O2 through the electrolyte. The observation
f delamination at the anode/electrolyte is consistent with

c′
O2

≈ �I
O2

− 4erc′
i

∣∣I′i∣∣ ≈ �I
O2

− 4erc′
i

∣∣IL∣∣ < �I
O2

(10)

nd

a′
O2

≈ �II
O2

+ 4era′
i

∣∣I′i∣∣ ≈ �II
O2

+ 4era′
i

∣∣IL∣∣ > �II
O2

> �c
O2

(11)

No data are available on various transport parameters
rc′
i , rc′

e , rel′
i , rel′

e , ra′
i , ra′

e ), and thus the �O2 profile through the YSZ
lectrolyte at the present cannot be determined with certainty.

.3. Development and measurement of high internal pO2 in a
i-layer cell
An experiment with embedded electrode was conducted to ver-
fy the formation of high pO2 under electrolytic conditions. Fig. 6
hows a schematic of a bi-layer sample YSZ/YSZ + 5% CeO2 (added
o increase electronic conductivity). Fig. 12 shows the measured
oltage between the reference electrode on the YSZ surface, and

f
c
A

pplied. The maximum estimated interface pO2
was ∼715 atm. Subsequent decrease

n the measured voltage between the reference electrodes signifies interface crack-
ng thereby releasing the pressure.

he embedded electrode, namely ϕE − ϕS. Before applying 1 V DC,
he ϕE − ϕS was ∼0 V, consistent with pO2 at the interface about
he same as in the ambient atmosphere. Once 1 V DC was applied,
fter ∼55 min, the ϕE − ϕS increased sharply, reaching a value of
0.22 V. Rapid increase in voltage implies that volume pressurized
t the interface is quite small, as the time constant for pressur-
zation is a monotonic function of volume [19,20]. This represents
ressurization of small interface defects, labels (i) and (ii) in Fig. 12.
he sharp rise in ϕE − ϕS was followed by a slow drop to ∼0.08 V
n ∼35 min (total ∼90 min from start of experiment), and then
ontinued to increase for additional 3 h. The slow drop in ϕE − ϕS
enotes slow growth of interface cracks/voids (labels (iii) and (iv)

n Fig. 12). The slow increase in ϕE − ϕS after ∼100 min is consistent
ith a partially delaminated interface and a higher pressurization

olume, label (v) in Fig. 12. Thereafter, the applied voltage was
emoved and the test was terminated. If the test had been con-
inued, cracking along the interface is expected, as discussed in ref.
20].

Assuming electrode polarization is small compared to the ohmic
oss, most of the applied 1 V DC drops across the sample as ohmic
oss. Ionic conductivities of YSZ and YSZ + 5% CeO2 are about the
ame. Thus, 50/1550 or ∼0.032 V drops across the YSZ layer. If pO2
t the interface were the same as in the atmosphere, ϕE − ϕS would
ave been ∼0.032 V. The maximum measured ϕE − ϕS ≈ 0.22 V. This
eans there is an internal EMF due to a different pO2 at the interface

21]. The corresponding EMF E, is given by E ≈ 0.22 − 0.032 = 0.188 V.
hus, the pO2 at the interface is given by

int
O2

= pamb
O2

exp
(

4eE

kBT

)
= 0.21 exp

(
4 × 0.188 × 1.6 × 10−19

1.38 × 10−23 × 1073

)
≈ 715 atm ≈ 10, 000 psi (12)
This calculation shows that a very large pO2 develops at the inter-
ace. Decrease in ϕE − ϕS thereafter reflects release of pressure as
racks develop at the interface (labels (ii), (iii) and (iv) in Fig. 12).
s discussed in ref. [20], while high pressure develops, cracking
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ccurs in a slow and a stable manner7. At the minimum point
∼0.08 V), the pint

O2
∼ 1.65 atm. At the end of experiment, ϕE − ϕS

as ∼0.125 V, which corresponds to pint
O2

∼ 11.5 atm (label (v)). The
xpectation is that additional cracking will occur when pressure
uilds to a value sufficient to again satisfy fracture mechanical
riteria [20]. This experiment confirms the development of high
nternal pressures under imposed electrolytic conditions in solid
lectrolytes. The objective of this experiment was to demonstrate
he formation of high internal pO2 under imposed electrolytic
onditions.

.4. Analysis of internal pressure in an SOFC operating
bnormally

In terms of Nernst voltage, E, cell voltage, VC, and various ionic
nd electronic resistances, �O2 ’s in the electrolyte just under the
athode and the anode, are given by ref. [15]

c
O2

= �I
O2

+ 4e

{
rc
i (VC − E)

Ri
− rc

eVC

Re

}
(13)

a
O2

= �II
O2

− 4e

{
ra
i (VC − E)

Ri
− ra

eVC

Re

}
(14)

here

i = rc
i + rel

i + ra
i (15)

e = rc
e + rel

e + ra
e (16)

n which rel
i and rel

e are respectively electrolyte ionic and electronic
rea specific resistances.

Using Eq. (9), for a cell test under a DC bias Eqs. (13) and (14)
an also be given in terms of the bias voltage Eb. In what follows we
ill describe �O2 in terms of cell voltage, VC (Eqs. (13) and (14)).

he difference �a
O2

− �c
O2

is thus given by

a
O2

− �c
O2

= �II
O2

− �I
O2

+ 4e

{
(rc

i + ra
i )(E − VC)

Ri
+ (rc

e + ra
e)VC

Re

}
(17)

r

a
O2

− �c
O2

= −4eE + 4e

{
(rc

i + ra
i )(E − VC)

Ri
+ (rc

e + ra
e)VC

Re

}
(18)

here we have written

I
O2

− �II
O2

= 4eE (19)

Now (rc
i + ra

i )/Ri ≤ 1 and (rc
e + ra

e)/Re ≤ 1. If the cell is operating
ormally, E ≥ VC ≥ 0

we have 4e{((rc
i + ra

i )/Ri)(E − VC) + ((rc
e + ra

e)/Re)VC} ≤ 4eE and
hus from Eq. (18), note that �a

O2
− �c

O2
< 0. It also follows that,

II
O2

< �a
O2

< �c
O2

< �I
O2

[21].
When a cell is operating abnormally, VC < 0 and Eq. (17) becomes

a′
O2

− �c′
O2

= �II
O2

− �I
O2
+ 4e

{
(rc′

i + ra′
i )(

∣∣VC

∣∣ + E)

R′
i

−
(rc′

e + ra′
e )

∣∣VC

∣∣
R′

e

}
(20)

7 The actual oxygen pressure at the interface can be high but the net amount of
xygen as a gas may be negligible. Also, cracking is slow and stable since the rate of
ressure generation is a function of the current [20].
8 ‘Primes’ are placed over the specific resistances (transport parameters) and

hemical potentials to emphasize abnormal cell behavior.

o
i
b
a
∼

a
i

s given in the first part of the plot (∼25 to ∼50 min). The second part of the plot (∼50
o ∼60 min) shows test under an applied bias with cell operating under a negative
oltage under a constant current (∼2.13–2.14 A cm−2). The last part of the plot (∼62
o ∼130 min) is cell performance measurement.

Now, relative values of (rc′
i + ra′

i )/R′
i and (rc′

e + ra′
e )/R′

e deter-

ine the sign of �a′
O2

− �c′
O2

. If (rc′
i + ra′

i )(
∣∣VC

∣∣ + E)/R′
i > (rc′

e +
a′
e )

∣∣VC

∣∣/R′
e, note that the term in {} in Eq. (20) is positive. In

he extreme case, if (rc′
e + ra′

e )/R′
e ≈ 0 (easy electron transfer across

nterfaces) but (rc′
i + ra′

i )/R′
i ≈ 1 (difficult ion transfer across inter-

aces), we have

a′
O2

− �c′
O2

≈ �II
O2

− �I
O2

+ 4e(
∣∣VC

∣∣ + E) (21)

Using (19), Eq. (21) reduces to

a′
O2

− �c′
O2

≈ 4e
∣∣VC

∣∣ > 0 (22)

That is, �a′
O2

> �c′
O2

, and depending upon the magnitude of
ell voltage (with VC < 0), high pressures can develop just under
node/electrolyte interface (into the electrolyte) leading to delam-
nation along (close to) electrolyte/anode interface.9 This in fact is
he case observed in the present work.

The observation that cell delaminates at the anode/electrolyte
nterface when operated under a negative voltage (Fig. 11) is consis-
ent with Eq. (21), which is consistent with high ionic area specific
esistances across electrode/electrolyte interfaces. It is understood
hat many different scenarios are possible depending upon relative
alues of ionic and electronic transport parameters as described in
ef. [21]. Yet, all scenarios are based on a cell in a stack behaving
bnormally.

.5. Progress of interface delamination in a cell subjected to
epeated operation under a negative cell voltage

Fig. 13 shows the results of a test on a cell subjected to alter-
ate measurement of cell characteristics followed by alternate
peration under a negative voltage. Fig. 13 shows the VC during

nitial performance test (from ∼25 to ∼50 min). The VC was varied
etween ∼0.35 V and the OCV (∼1.05 V). The corresponding volt-
ge vs. current density plot is given in Fig. 14 (trace a – cell ASR
0.35 �cm2). A DC bias, Eb, of ∼1.0 V was then applied to induce

9 The case considered in ref. [15] was corresponding to difficult electron transfer
nd easy oxygen ion transfer across interfaces, in which case high pressure develops
n the electrolyte just under the cathode – leading to cathode delamination.
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ig. 14. Voltage vs. current density plots corresponding to: (a) initial test (prior to
pplying a DC bias) (ASR ∼0.35 �cm2), (b) after first operation under a DC bias (ASR
0.538 �cm2), (c) after the second test under a DC bias (ASR ∼0.984 �cm2). Increase

n ASR when operated under DC bias is due to delamination.

bnormal behavior. The corresponding VC ∼ −0.15 V and the current
ensity ∼2.13 A cm−2. The test was conducted at a constant current
or ∼10 min over which the Eb automatically increased to ∼1.5 V as
ell degraded (decrease of VC − increase in magnitude). The bias
as then removed. The OCV immediately after was ∼0.8 V, which

radually increased to ∼1.05 V (Fig. 13). Another cell test was per-
ormed as shown in Fig. 13 with VC varied between ∼0.28 V and
CV (from ∼62 to ∼130 min). The voltage vs. current density plot is
iven in Fig. 14 (trace b – ASR ∼0.538 �cm2 which is considerably
reater than in the initial test (ASR ∼0.35 �cm2)).

Finally, another test under a negative cell voltage was con-
ucted. An Eb ∼1.3 V was applied. The corresponding VC ∼ −0.43 V
nd the current density ∼2.1 A cm−2. The test was conducted for

0 min under a constant current over which the VC decreased to
−0.78 V (Fig. 15). The external bias was removed and a perfor-
ance test was conducted (Fig. 14 – trace c, ASR ∼0.984 �cm2).

owards the end of test, OCV began to fluctuate (Fig. 15). The

J
s
a
a

ig. 16. (a) A schematic showing the variation of �O2
through a cell behaving abnormally

nterface, and then links up with the interface resulting in delamination along the interface
c) A schematic showing the formation of delamination cracks along the electrolyte/ano
rowth and coalescence of delamination cracks along the electrolyte/anode interface with
oltage at constant current (2.11 A cm ). The cell voltage varied between −0.43 V
nd −0.78 V. The second part (∼150 to ∼200 min) of the figure shows the results of
ell performance test (ASR ∼0.984 �cm2). Voltage vs. current density plot is given
n Fig. 14 (trace c).

uctuations are consistent with the occurrence of substantial
elamination.

.6. Analysis of delamination

Fig. 16(a) shows the variation of �O2 though the electrolyte in
cell behaving abnormally [15,21]. The maximum �O2 occurs in

he electrolyte just under the anode/electrolyte interface. The cor-

O2

ust outside the electrolyte, into the porous anode, the total pres-
ure (fuel) is ∼ 1 atm. That is, there is an abrupt change in pressure
t the interface. Any defects such as small pores, grain bound-
ries, will develop large pressure (pO2 ) and delamination will begin.

. Delamination initiates within the electrolyte, very close to the anode/electrolyte

. (b) A schematic showing the original cell, prior to subjecting to a negative voltage.
de interface after subjecting the cell to negative voltage. (d) A schematic showing

further accumulation of damage.
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he formed cracks will easily link up with the anode/electrolyte
nterface effectively reflecting the delamination as being along the
node/electrolyte interface, even when its initiation is just inside
he electrolyte. In the following discussion, the delamination will be
eferred to as being occurring along the anode/electrolyte interface
hile still recognizing that its origin is just inside the electrolyte.

The initial ASR of the cell was Ro
C ≈ 0.35 ˝cm2. Fig. 16(b) shows

schematic of the cell prior to testing under a negative cell voltage.
elamination along (close to) an interface should reflect as increase

n ASR with the ASR being inversely proportional to the area fraction
f non-delaminated portion of the interface. If the delaminated area
raction is Adel, the corresponding cell ASR is given by

C = Ro
C

(1 − Adel)
(23)

r

del = 1 − Ro
C

RC
(24)

After the first test under a DC bias, the RC ∼ 0.538 �cm2. The cor-
esponding Adel ≈ 1 − (0.35/0.538) ≈ 0.35; that is ∼35% of interface
ad delaminated. Fig. 16(c) shows a schematic with delamination
long anode/electrolyte interface (in principle in the electrolyte just
nder the interface). Delamination may originate at a number of
laces. At the end of second test, the RC ∼0.984 �cm2, with the
orresponding Adel ≈ 1 − (0.35/0.984) ≈ 0.64 or ∼64% of the inter-
ace had delaminated. Fig. 16(d) shows a schematic of this situation.
fter the second test, interface was almost completely delaminated

and consistent with unstable voltage in Fig. 15 beyond ∼200 min).
ig. 11 shows SEM images of typical delaminated cells. Indeed,
xtensive delamination is apparent. An important point is that the
otal duration over which the cell was operated under a negative
oltage was only about 20 min. These results thus suggest that in
real stack, once conditions leading up to abnormal behavior set

n, subsequent degradation may occur within minutes, in accord
ith the analysis given in ref. [15]. It was observed that damage

ontinued to grow even when the bias was removed, indicating
hat cracks continue to grow under the internal pressure built up.

any mechanisms of slow (sub critical) crack growth in ceramics
re well known and continued damage during idling is expected,
s observed. This explains the observed lower (larger in magnitude
ut negative in sign) cell voltage at the beginning of second test
Fig. 10) than the end voltage of the first test (Fig. 9).

.7. Implications concerning SOFC stack life

The present work shows that once a cell begins to operate abnor-
ally (under a negative voltage), degradation may be very rapid.

hus, stack life in situations where cell imbalance occurs is the time
equired for establishing conditions leading up to cell imbalance.

. Summary

Using conventional alkaline cells, a battery with eight D cells and
ne AAA cell connected in series was tested. It was demonstrated
hat the AAA cell could be operated under a negative voltage due

o cell imbalance. Once operation under a negative voltage com-

enced, the AAA cell began to rapidly degrade as reflected in rapid
rop in voltage. The objective of this test was to demonstrate cell
egradation due to cell imbalance in batteries. In order to electro-
hemically generate and measure high internal oxygen pressure

[
[

[
[

r Sources 185 (2008) 790–800

n solid electrolytes, a bi-layer cell of YSZ/YSZ + ceria was made
nd tested under an applied 1 V DC. An embedded reference elec-
rode was positioned at the interface. From the measured voltage
cross reference electrodes, it was estimated that a pO2 as high as
715 atm could be generated before the onset of cracking. These

wo experiments established the basis for the subsequent work on
OFC stack degradation. The main objective of this work was to
xplore solid oxide fuel cell stack degradation due to cell imbal-
nce. Anode-supported solid oxide fuel cells were tested at 800 ◦C
ith H2 as fuel and air as oxidant. In order to simulate ‘bad’ cell

ehavior (the one with higher resistance and operating under a
egative voltage), a DC bias was applied to force the cell to oper-
te under a negative voltage. As soon as the cell began to operate
nder a negative voltage, it began to degrade which reflected as
ecreasing cell voltage (increasing magnitude). Subsequent post
est examination showed that delamination occurred along (in the
lectrolyte – close to the interface) the electrolyte/anode interface.
he origin of delamination is related to the development of high
nternal pO2 into the electrolyte, just under the electrolyte/anode
nterface. This work shows that SOFC stack degradation will likely
ccur if cell imbalance occurs. The propensity to stack degradation
s expected to increase with increasing number of cells in a stack.
lso, once a cell becomes bad, subsequent degradation may be very
apid – perhaps within a matter of minutes.
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