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bstract

In order to reduce the operating temperature of solid oxide fuel cells (SOFCs), anode-supported cells incorporating thin film (∼10 �m) electrolytes
n conjunction with anode/electrolyte and cathode/electrolyte interlayers were studied. SOFC button cells were prepared through deposition
f colloidal slurries onto anode supported substrates and were analyzed as a function of temperature and polarization via voltammetry and
lectrochemical impedance spectroscopy (EIS). It was found that the electro-catalytic activity or electrode/electrolyte interfacial areas were
nhanced through the addition of these interlayers. This performance improvement was attributed to the introduction of a diffuse mixed conduction
egion associated with these interlayers. The cathode is thought to benefit disproportionately from this enhancement. Single SOFC button cells

ith electrode interlayers were then characterized as a function of temperature and polarization to assess the involvement of these interfacial layers.
IS was applied and the data were used to deconvolute component impedances. Finally electrochemical models were developed to provide a more
omplete understanding of these assemblies under operation.

2006 Published by Elsevier B.V.
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. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion devices
hat produce electricity by electrochemically combining reac-
ions of fuel and oxidant gases across an ionic-conducting
eramic. SOFCs are anticipated to become very competitive
evices for electrical power generation because of their high
fficiency and lower pollution potential. SOFCs are an attrac-
ive option relative to polymer electrolyte fuel cells because
hey exhibit greater fuel tolerance, higher efficiencies, and pro-
uce high-grade waste heat making them suitable for com-
ined heat and power applications. SOFCs are reaching pre-
ommercialization with several hundreds of residential sta-
ionary power units (∼1 kW) being tested and larger units

250 kW or above) being evaluated by various utility compa-
ies world wide [1,2]. Although great progress has been made,
t present the SOFC technology is still in its developmental (or
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E-mail address: Thomas.reitz@wpafb.af.mil (T.L. Reitz).

a
i
d
a
i
i
i

378-7753/$ – see front matter © 2006 Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2006.04.019
re-commercialization) stage and several technical challenges
emain to be solved before it becomes a practical power system.

In conventional SOFCs, the electrolyte is yttria-stabilized
irconia (YSZ) with thickness of ∼200 �m necessitating an
perating temperature of around 900–1000 ◦C. These high oper-
ting temperatures place considerable constraints on materials
sed for interconnections, current collectors, manifolds, and
eals. Because these exotic materials are often cost prohibitive,
owering the operation temperature below 750 ◦C is critical for
nsuring SOFC’s cost effectiveness. In order to achieve these
emperature decreases, many researchers have explored the use
f thin film electrolytes with high degrees of success [3–5].
hile these thin film electrolytes do enable operation at lower

emperature, activation polarization, especially on the cathode
re significantly more pronounced under these conditions. This
s primarily attributed to the sluggish kinetics associated with
ecreased temperature operation [6]. Others have explored the

pplication of thin film composite interlayers as a means to
mprove charge transfer reaction in the electrode/electrolyte
nterface for both anode and cathode [7–10]. The nature of these
nterlayers is still a matter of contention and further studies are

mailto:Thomas.reitz@wpafb.af.mil
dx.doi.org/10.1016/j.jpowsour.2006.04.019
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assembly, ∼1.00 V. Improvement in the OCV of the cell was
likely due to fact that the addition of interlayers (LSM–YSZ
cathode interlayer and Ni-richer YSZ anode interlayer) balanced
the thermal expansion between single LSM cathode, YSZ elec-
38 T.L. Reitz, H. Xiao / Journal of

equired to adequately understand their function. The objective
f this effort was to characterize the anode and cathode perfor-
ance enhancement of thin film, anode-supported SOFCs when

node and cathode interlayers are included between the electrode
nd electrolyte interface. SOFC button cells containing the inter-
ayers were evaluated as a function of temperature and polariza-
ion. EIS was used to generate a more complete understanding
f how these interfaces improve cell performance. Finally, mod-
ls were prepared based upon polarization and impedance data
hich provide valuable insight into the relative magnitudes of

he impedance contributions.

. Experimental

Test cells were generally constructed through a five-layer
rocess which includes: (a) porous Ni + YSZ anode support; (b)
node/electrolyte interlayer; (c) dense YSZ electrolyte; (d) cath-
de/electrolyte interlayer; (e) porous LSM ((La0.85 Sr0.15)0.98
nO3−x) cathode (x = 0.103). This study’s focus was to eval-

ate the impact of a thin film layer which acts to transition
he structural and conducting properties from electrolyte to
lectrode. Typical interlayer compositions employed in this
tudy were 50%YSZ–50%LSM for cathode/electrolyte and
0%YSZ–50%NiO for anode/electrolyte.

The cell fabrication process is briefed as follows: NiO and
SZ materials were purchased from Alfa Aesar and Tosoh

espectively and were mixed in requisite proportions (70%
iO–30% YSZ) then ball milled with measured amounts of rice
our or carbon to induce porosity. The ball-mill was conducted

n a wet process with 5 mm diameter YSZ balls and ethanol-
ased solvent as media. The mixed powders were dried then
naxially die-pressed into discs of ∼3.3 cm in diameter and
1.2 mm of thickness. Colloidal slurries of anode/electrolyte

nterlayer and electrolyte with ethanol–toluene as solvents or
ispersants were sequentially sprayed on the anode discs. The
oated discs were sintered in air at 1400 ◦C for 2 h using a
ontrolled ramp process. Cathode interlayer and LSM cathode
lurries were pasted onto the half cells, respectively, to make
omplete button cells. The thickness of both anode and cathode
nterlayers was controlled at∼20 �m while that of the electrolyte
as controlled at ∼10 �m, which was demonstrated in scanning

lectron microscopy (SEM) images [10]. The cathode surface
rea was controlled to a known value so that current density can
e calculated for electrochemical measurements.

Four probe electrochemical measurements were accom-
lished by attaching two platinum wires to each side of the
utton cell, i.e., anode and cathode. The anode supported but-
on cell was sealed onto an alumina tube (Vesuvius) with high
emperature cement (Cerambond 552, Aremco Products Inc.). A
pecially-designed quartz fixture for feeding fuel gas and releas-
ng exhaust gas was connected to the alumina tube through a
ompression fitting (Swagelok). Sealing around the anode leads
as accomplished through two threaded bushings with silicon
ubber septums (ACE Glass) which were attached to the quartz
xture via a graded seal. The complete cell was then placed

nto the isothermal zone of a clam-shell furnace. Reduction of
he NiO to Ni was achieved through a controlled temperature

F
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amp in an anode flow stream of 10% H2, balance N2. Thermal
ravimetric Analysis (TGA) determined that 98% of NiO was

educed by 380 ◦C in pure hydrogen suggesting that complete
eduction of the anode would be achieved by 450 ◦C. No signif-
cant difference in cell performance was observed as a function
f reduction temperature in the range of 600–800 ◦C. After
he anode reduction was complete, the cell was brought to the
esired temperature for testing and the reactant gas was switched
o humidified hydrogen gas. The cathode chamber is not sealed,
o a purified air stream was blown over the surface to ensure
mple oxygen availability. Electrochemical characterization was
onducted using Solartron 1260 Impedance gain/phase analyzer
oupled to a Solartron 1287 Electrochemical Interface. Com-
lete cell assemblies were evaluated electrochemically to ensure
hat hermeticity was achieved. Open circuit voltages (OCVs)
ere nominally 1.05–1.12 V. A pictorial representation of the

ompleted cell, the test fixture, and a more detailed description
f cell continuity analysis are provided elsewhere [10].

. Results and discussion

It has been previously observed that the application of a
hin electrode interlayer between the bulk electrode structure
nd dense electrolyte membrane can significantly increase cell
erformance [4]. These electrode interlayers typically involve
educing the concentrations of active material (e.g. Ni or LSM)
hile increasing the concentration of support phase (YSZ) in
rder to induce greater homogeneity with the dense electrolyte
embrane. A polarization curve illustrating the impact of these

nterlayers on a typical fuel cell is presented (Fig. 1). A maxi-
um power density in excess of 0.9 W cm−2 was achieved for

he specimen containing the thin, interfacial layers which was far
etter than the sample without electrode/electrolyte interlayers.

An OCV of 1.08 V was observed for the five-layer assembly
hich is slightly higher than that observed for the three-layer
ig. 1. Polarization curves for single SOFC button cells at 800 ◦C: (a) five-layer
ssembly and (b) three-layer assembly.



T.L. Reitz, H. Xiao / Journal of Power Sources 161 (2006) 437–443 439

F
t

t
i
(
L
∼

c
b
c
w
s
(
c

i
t
t
c
t
c
l
p
q
e
t
o
o
i
i
t
a
t
h
d
e
t

t
a
c

F
s
b

c
f
a
[
t
fi
c

f
a
t
s
j
a
r
H
a
t
t
s
t
n
c

3

a
t
i
t
o
t
i
d
e
a
current densities. A non-linear least squares (NLLS) regres-
ig. 2. Impedance spectra obtained for single SOFC button cells at 750 ◦C, (a)
hree-layer assembly, (b) three-layer assembly.

rolyte film, and Ni–YSZ support anode which improved the
ntegrity of YSZ electrolyte. The thermal expansion coefficient
TEC) of the YSZ electrolyte is ∼10 × 10−6 cm(cm K)−1, while
SM is ∼12 × l0−6 cm(cm K)−1 and Ni–YSZ cermet anode is
13 × l0−6 cm(cm K)−1.
One can see in Fig. 1 that overpotentials associated with the

ell lacking interlayers (curve b) appear to be very significant
ut with no apparent non-linear features occurring at the low
urrent densities. The nature of the electrode reaction kinetics
as better examined by EIS, and will be discussed later in this

ection. Tafel slopes for the cell incorporating the interlayers
curve a) and the cell without (curve b) are similar at lower
urrent densities.

More insight into these differences can be observed by exam-
nation of their respective impedance spectra (Fig. 2). Two clear
ime constants are observed for the three-layer assembly with
he low frequency (<10 Hz) feature appearing significantly more
apacitive than the high frequency arc. The low frequency fea-
ure was associated with the cathode through variation of gas
ompositions which is consistent with literature [11]. The five-
ayer specimen contains three distinct time constants with the
redominant semicircular feature appearing between the fre-
uencies of 10–103 Hz (Fig. 2a). As could be expected through
xamination of Fig. 1, the five-layer specimen exhibits far less
otal impedance than that observed for the three-layer. One obvi-
us explanation for this observation is that the ionic conductivity
f the LSM cathode is limited while the Ni/YSZ anode is high
n both electronic and ionic conduction. Introduction of YSZ
nto the electrode/electrolyte interlayer will result in a substan-
ial increase in the ionic conductivity of the cathode interlayer
nd improve cathode performance disproportionately relative to
he anode wherein only a small change in the YSZ concentration
as been made. Secondly, it has been well accepted that intro-
uction of transition interlayers between the electrodes and the
lectrolytes increase the triple phase boundary region expanding
he number of sites available for electrochemical activity.

Model fitting with equivalent circuit diagrams indicate that

he cell without interlayer addition (Fig. 2b) is adequately fit to
circuit diagram as shown in Fig. 3-a. However, the specimen

ontaining anode and cathode interlayers requires an additional

s
t
p

ig. 3. Equivalent circuits of model fitting for impedance spectra obtained for
ingle SOFC button cells: (a) three-layer assembly and (b) five-interlayer assem-
ly.

ircuit element in order to account for the appearance of a third
eature at the low-frequency region (Fig. 2a). In previous studies,
Warberg diffusional element was used to model the spectra

10]. However, because this element is mathematically similar
o a parallel RC circuit and because it provided an equivalent
t to the data; a circuit diagram containing three parallel RC
ircuits in series was chosen for simplicity (Fig. 3b) [12].

Examination of Fig. 2 clearly shows significant semicircular
eatures associated with higher double-layer capacitance (Cdl)
nd charge transfer resistance (Rct) for anode and cathode of
he specimen lacking electrode/electrolyte interlayers. In these
pecimens, it is assumed that electro-active area between the
unctions of the electrode and electrolyte interfaces are limited
nd that the charge-transfer reactions at the interfaces become
ate-determining; as such diffusional effects are not pronounced.
owever, when anode/cathode interlayers are incorporated (2a)
significant reduction in Cdl and Rct was observed along with

he appearance of a third, low-frequency feature. It is thought
hat when electrode/electrolyte interlayers are added, the intrin-
ic area of the interfaces is significantly increased, accelerating
he charge-transfer reactions at the interfaces. Diffusion phe-
omenon would then be expected to become important, espe-
ially at higher current densities.

.1. Temperature dependence of five-layer specimens

Characterization experiments were performed on five-layer
ssemblies in order to provide a greater understanding of how
he addition of these interlayer regions improves electrochem-
cal performance. Polarization curves for samples containing
hin anode and cathode interlayers were obtained as a function
f temperature and the results are presented in Fig. 4. Unlike
hree-layer assemblies, the samples containing interlayers exhib-
ted “typical” polarization behavior with an initial, non-linear
rop associated with activation polarization followed by a lin-
ar ohmic region. Reactant flow rates were kept sufficiently high
s to eliminate the impact of concentration polarization at high
ion approach was applied to these curves in order to attempt
o quantify the relative magnitude of relevant electrochemical
arameters. The parameters used to fit the data were extracted
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Table 1
Electrochemical parameters calculated from non-linear least squares regression
of five-layer cell polarization data as a function of temperature

Temperature (◦C) E0 (mV) bcathode (mV dec−1) R (� cm2)

650 1124 80.2 0.95
700 1114 60.2 0.58
7
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age. ASOR of the assembly yielded an Arrhenius temperature
dependence which is evidenced in Fig. 5. This ohmic contribu-
tion accounts for all of the ohmic losses in the fuel cell which
include current collection and leads.
ig. 4. Polarization curves of single SOFC button cell (five-layer assembly) as
function of temperature.

rom the general expression describing the observed potential
Eobs) in a two electrode cell:

obs = Er − ηa − ηc − η� (1)

here Er is the thermodynamic reversible potential for the cell
i.e., open circuit voltage), ηa is the anodic overpotential, ηc is
he cathodic overpotential, η� is ohmic overpotential (η� = i·R),
nd R is the area specific ohmic resistance (ASOR). Since
he working surface area of the anode is far larger than that
f the cathode for the present button cell configuration (i.e.,

a � ic), and, furthermore, oxygen reduction is generally con-
idered more sluggish than hydrogen oxidation, we tentatively
ssume ηa � ηc, thus Eq. (1) becomes,

obs ≈ Er − ηc − iR (1′)

or the thin and porous cathode at high reactant flow rates, the
ass-transfer effect is assumed to be negligible, and the cath-

de overpotential (ηc) is mainly associated with charge-transfer
henomena,

c ≈ − RT

αnF
In i◦ + RT

αnF
In i = −b log i◦ + b log i (2)

q. (2) is a simplified version of the Bulter–Volmer equation.
ubstitute Eq. (2) into Eq. (1′), we get

obs ≈ (Er + b log i◦) − b log i − iR (3)

obs ≈ E0 − b log i − iR (3′)

he parameters b and i0 are the Tafel slope and exchange cur-
ent density of the cathode and address only the kinetics of
he oxygen reduction reaction. The combined real resistance,
ASOR), is related to the linear decrease in potential as a func-
ion of current density and is primarily associated with assembly
esistance but is also affected by the resistance of the testing
pparatus. This approach has been presented in the literature

egarding polymer electrolyte fuel cells (PEMFC) and has been
ound to provide a good match to experimental polarization data
or current densities sufficiently far from the limiting current
ensity for these systems [13–15]. Upon close examination of

F
s

50 1119 51.8 0.37
00 1118 48.9 0.26

ig. 4 it is evident that this model provides an inadequate fit
o the data primarily because it does not account for contribu-
ions associated with the anode. In PEMFCs, the oxidation of
ydrogen is nearly reversible over platinum and platinum alloy
atalysts. SOFCs based upon nickel metal cerments, however,
ppear to exhibit greater activation resistance presumably due
o the increased rigors of the multi-step reaction pathway, low

etal surface area, and removal of steam from active catalytic
ites. As such, the Tafel parameters predicted via this mod-
ling approach should be expected to underestimate the Tafel
lope and accounts for the failure of the model to successfully
ollow the nonlinear, low current density portion of the polar-
zation curve. In fact, the Tafel slopes predicted through this

odeling approach were lower than the theoretical values of
1.2 mV dec−1 at 650 ◦C and 106 mV dec−1 at 800 ◦C. ASOR
alues extracted from NLLS analysis were 0.26 and 0.95 � cm2

or the five-layer and three-layer specimens, respectively. Rel-
vant electrochemical parameters obtained via this modeling
pproach are presented in Table 1.

Upon examination of these data it can be observed that each
f these parameters appear to depend upon temperature in a
onsistent manner. E0, primarily associated with the reversible
otential of hydrogen oxidation reaction, Er, decreased with
ncreasing temperature which is consistent with that predicted
y thermodynamic calculations. The Tafel slope decreased
ith increasing temperature which is associated with decreased
inetic resistance and decreased adsorbed steam surface cover-
ig. 5. Arrhenius dependence of area specific ohmic resistance (� cm2) for
ingle SOFC button cell (five-layer assembly).
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Fig. 7. Resolved impedance spectra illustrating overlapping semicircular fea-
tures which are not completely isolated by frequency, (a) high-frequency feature,
(b) mid-range frequency feature, (c) low-frequency feature.

Table 2
Contribution of component real impedances for a five-layer SOFC assembly as
a function of temperature at OCV

Vs. temp (◦C) % of total resistance or overpotential

IR a b c

650 5.5 8.0 48.6 37.9
700 8.6 10.4 39.3 41.7
7
8

t
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e
T

c
e
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b
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l
o
temperature. The 1st and 2nd EIS features did not exhibit any
clear trend within experimental uncertainty for the temperature
experiments.

Table 3
Contribution of component real impedances for a five-layer SOFC assembly as
a function of polarization at 800 ◦C

Vs. OCV (−mV) % of total resistance or overpotential

IR a b c

0 17.2 8.9 43.0 30.9
ig. 6. Impedance spectra obtained for single SOFC button cell (five-layer
ssembly) as a function of temperature (callout provides additional detail in
igh frequency region).

Impedance spectra were taken as a function of temperature
or five-layer specimens and the results are presented in Fig. 6.
s mentioned previously, samples which incorporate anode and

athode interlayers clearly show three distinct time constants
s evidenced by the three semicircular features. These spec-
ra were modeled using the modified Randal circuit element
Fig. 3b) which provided good correlation with the data but,
or brevity, the regressed parameters are not presented in this
ublication. Most notable is the apparent non-linearity of the
nd and 3rd semicircular features as a function of temperature
howing that temperature has a disproportionate influence upon
he 3rd feature compared to the 2nd. Because insertion of a ref-
rence electrode was difficult, it was not possible to explicitly
ssign a particular electrochemical process (diffusion, charge
ransfer, etc.) to its EIS feature. However, it can be reasoned that
iffusion phenomenon exhibits a linear dependence upon tem-
erature while kinetic processes vary exponentially suggesting
hat the third feature is likely associated with a kinetic process,
resumably on the cathode. This determination is consistent with
revious determinations through variations of cathode gas com-
ositions. No specific determination could be made on the high
requency or mid-range frequency features; however, previous
iterature has suggested that they are related to anodic processes
11]. The high frequency intercepts at axis Z′, R0, normally asso-
iated with ohmic losses within the cell, were consistent in trend
ith ASOR values calculated from the polarization curves, but
ere 53% lower in magnitude. This is probably due to the lim-

tations of the NLLS model given that anode overpotential was
eglected.

EIS data was used to deconvolute the relative impedances of
omponent processes in a typical five-layer SOFC assembly as a
unction of temperature and polarization. It was assumed that for
he purposes of this model, each of the EIS spectra consisted of 3
emicircular features which overlapped slightly in the frequency
omain (Fig. 7).
Additionally, because it was apparent that additional dis-
ributed elements were contained throughout each spectrum,
onstant phase elements (CPE) were used in place of typical
apacitor elements. The regressed parameters obtained when

1
2
3
4

50 13.6 7.9 53.4 25.1
00 17.2 8.9 43.0 30.9

he impedance spectra from temperature and polarization exper-
ments was fit to the modified Randal’s circuit was used to
stimate the extent of cathodic, anodic, and ohmic resistances.
hese data are presented in Tables 2 and 3.

As discussed previously, ohmic resistance of the five-layer
ell exhibited an Arrhenius dependence with temperature. How-
ver, the ohmic component did increase as a relative percentage
f the total impedance of this cell as a function of temperature
rom a minimum of 5.5% at 650 ◦C to a maximum contri-
ution of 17.2% at 800 ◦C (Table 2). This trend is observed
ecause the kinetic resistances, presumbably contributions of
he 1st and 3rd impedance features are significantly more tem-
erature dependant than the ohmic losses. The 3rd semicircu-
ar feature, previously associated with cathodic processes, was
bserved to decrease in percentage of total impedance with
00 21.6 8.6 46.1 23.7
00 24.6 7.6 49.5 18.2
00 25.8 8.5 49.0 16.8
00 25.2 12.9 45.4 16.6
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Table 4
Example impedance parameters calculated from model fitting for five-layer SOFCs as a function of polarization at 800 ◦C

Bias vs. OCV R0 (� cm2) R1 (� cm2) C1 (F cm−2) α1 R2 (� cm2) C2 (F cm−2) α2 R3 (� cm2) C3 (F cm−2) α3

0 0.10 0.052 0.0017 0.80 0.25 0.031 0.62 0.18 0.72 0.58
0.1 0.10 0.040 0.0002 0.95 0.21 0.024 0.64 0.11 0.86 0.61
0 0.20 0.033 0.59 0.07 1.09 0.67
0 0.19 0.040 0.57 0.07 1.29 0.70
0 0.08 0.007 0.83 0.14 0.86 0.47
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Fig. 9. Polarization curve for single SOFC button cell (five-layer assembly)
incorporating impedance model and specific contributions of individual spec-
t
f
t

w
t
m
t
m
s
p

.2 0.10 0.031 0.0004 0.94

.3 0.10 0.033 0.0005 0.92

.4 0.11 0.051 0.0006 0.87

.2. Polarization effects of five-layer specimens

The effect of polarization was examined for typical five-layer
ssemblies at 800 ◦C and the results are shown in Fig. 8. Good
orrelation of the data to the extended Randal circuit element was
bserved (Fig. 3b). The impedance parameters calculated using
he described circuit models are presented in Table 4. The imag-
nary impedance components (1/�C) of the second and third
eatures appear to decrease proportionately with polarization
hich is in stark contrast to their relative variation as a func-

ion of temperature described previously. As discussed in the
revious sections, the third feature was attributed to a cathodic
rocess through experimentation and review of literature [11].

Similar to the temperature experiments, EIS was used to
econvolute the relative impedances of the component pro-
esses. In each calculation, the individual real resistance term
R0, R1, R2 or R3) was determined via EIS and their relative con-
ributions were calculated as a function of current density. The
esults of these models are plotted as a function of current den-
ity in Fig. 9. Cathodic overpotentials (c) averaged 21.2% over
he range of polarization. The cathodic contribution exhibited a
ecreasing trend with polarization which is consistent with the
otion that the EIS semicircular 3rd feature is associated with
lectro-catalytic processes. The ohmic contribution was deter-
ined to be approximately 23% over the range of polarization

alues. While the magnitude of ohmic resistance was constant as
function of current density, its relative contribution increased
llustrating the effect of high current densities on electrolyte con-
uction. The high frequency feature contributed approximately
% of the total impendence as a function of polarization with
o observable trend. It is assumed that this feature is associated

ig. 8. Impedance spectra obtained for single SOFC button cell (five-layer
ssembly) as a function of polarization at 800 ◦C.
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p

ral components at 800 ◦C (R1), high-frequency contribution (R2), mid-range
requency contribution, (R3) low-frequency contribution, (R0) ohmic contribu-
ion.

ith anodic reactions from previous experimentation, though
his conclusion cannot be substantiated via this approach. The

id-range frequency feature represents the most significant con-
ribution accounting for nearly 47% of the total impedance. The

agnitude of the impedance increased linearly with current den-
ity suggesting that this feature is associated with charge transfer
rocesses which could be either cathodic or anodic.

. Conclusions

The inclusion of interfacial electrode layers on the fuel cell
lectrodes significantly improved the performance of anode sup-
orted cells. Specimens without an interlayer (three-layer-cell)
xhibited far greater impedances than the five-layer specimen.
he OCV was lower for the three-layer specimen attesting to

ncreased difficulty generating a hermetic seal in these speci-
ens for equivalent electrolyte thicknesses. Impedance spectra

llustrated that the cathode for the three-layer specimen exhib-
ted considerable double-layer capacitance and charge transfer
esistance which was very small for the five-layer specimen
ith electrode/electrolyte interlayers. Incorporating the interfa-

ial layers decreases these impedances largely by introduction of
he diffuse mixed conduction region at the electrode/electrolyte
nterface. Because the bulk cathode material, LSM is predomi-

ately an electron conductor, this behavior is especially apparent
t the cathode.

Five-layer assemblies were evaluated as a function of tem-
erature and polarization to increase understanding of the
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ole of the electrode/electrolyte interlayer. Ohmic resistances
ecreased with temperature consistent with that predicted from
he Arrhenius law but exhibited no trend with polarization.
alues of ohmic polarization were observed to be close to
0 obtained from EIS. EIS showed evidence of three distinct

eatures which were attributed to different time-dependant pro-
esses within the fuel cell. Temperature appeared to impact
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