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The impedance is derived for a dense layer electrode of a mixed conducting oxide, assuming that the
electronic resistance may be ignored. The influence of layer thickness, oxygen diffusion and surface exchange
rate on the ‘General Finite Length Diffusion’ expression is evaluated. The thickness dependence is tested for a
series of thin, dense layer electrodes of La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) deposited on a Ce0.9Gd0.1O1.95

electrolyte by pulsed laser deposition (PLD). A minimum thickness is required to avoid the influence of
contact points of the contacting Pt-gauze and sheet resistance, which is about 1 μm for the studied LSCF
electrodes. LEISS surface analysis indicates that PLD deposition process easily leads to a significant Cr
contamination of the LSCF surface. Electrochemical impedance spectroscopy analysis indicates that the
influence on the exchange rate of this Cr-contamination is still negligible.
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1. Introduction

Mixed conducting oxides (MIEC's) are finding important applica-
tion in solid oxide fuel cells (SOFC), both as cathode and anode, and in
semi-permeable membranes for (partial) oxidation reactions. A very
important aspect of these applications is the transfer and reduction of
ambient oxygen at the gas/solid interface, or visa versa. The overall
transfer reaction can be presented as:

O2;g + 4e′ + 2V --
O ⇔2O�

O ð1Þ

But in reality it will involve a series of steps, e.g. adsorption,
dissociation, charge transfer and possibly surface diffusion. So far the
exact reaction mechanism is still poorly understood. Another
significant problem is the exact nature of the surface and the
possibility of poisoning by foreign atoms. This is especially of
significance for SOFC cathodes where chromium poisoning, which
originates from the steel interconnect plates, has been recognized as a
serious problem.

Using oxygen isotope (18O2) exchange the overall exchange rate
can be determined. SIMS depth profiling can yield both the tracer
diffusion coefficient and the exchange rate [1]. Gas phase analysis in a
closed system [2] or in a newly developed pulse technique [3], can
yield reaction rates for a two step mechanism, but requires the use of
powders. Conductivity relaxationmeasurements [4,5] can also provide
the exchange rate and chemical diffusion coefficient, but sample
dimensionsmust be carefully chosen [6]. A third option is the studyof a
thin layer of the MIEC, deposited on an appropriate electrolyte in a
three electrode configuration with electrochemical impedance spec-
troscopy (EIS) [7]. The advantage of such a system is that the study of
the influence of surface poisoning can be carried out quite easily. A
proper derivation of the impedance of such an electrode arrangement
is not readily available in literature. In this contribution a simplemodel
is derived for the impedance of a thin layer and is applied to a dense
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) electrode layer, deposited with pulsed
laser deposition (PLD) on a Gd-doped ceria electrolyte. The influence
of the layer thickness on the electrode property is studied and some
preliminary results on chromium addition are presented.

2. Theory

1. Generic finite length diffusion (GFLD) equation

Fig. 1 presents schematically the electrochemical process in a thin
dense oxide layer (MIEC) which is on one side connected to an oxygen
conducting electrolyte (x=0) and on the other side to the ambient
(with fixed pO2 at x= l). The following assumptions are made:

• The electronic conductivity is large enough to be ignored in the
derivation.

• The electrode voltage, with respect to a reference electrode at the
same ambient pO2 is controlled by the oxygen activity in theMIEC at
the x=0 interface.

• The oxygen exchange rate can be represented with a single reaction
rate, k (dimension: cm·s-1).

• Charge transfer and double layer charging processes at the
electrolyte/MIEC interface are not included.
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Fig. 1. Reaction schematic for the oxygen transfer through a MIEC layer.

Fig. 2. Schematic arrangement of the three electrode cell with two PLD layers.
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The Fickian diffusion equations are:

J = −D̃
∂c x; tð Þ

∂x j
x=0

and :
∂c x; tð Þ

∂t = D̃
∂2c x; tð Þ

∂x2
ð2Þ

The right-hand boundary condition at x= l is given by:

J jx= l = −D̃
∂c x; tð Þ

∂x j
x= l

= −kexch: cl−c l; tð Þ½ � ð3Þ
Fig. 3. Inductive artefact in the electrode impedance in a three-electrode cell with a porou
electrode.
where cl is the (apparent) equilibrium concentration in the ambient.
With electrochemical impedance spectroscopy only a small per-
turbation is applied, hence it is useful to define the concentration
variation, Δc(x,t):

Δc x; tð Þ = c x; tð Þ−c-O ð4Þ

Here cO° is the equilibrium oxygen concentration, hence cl=cO° .
After transformation of the diffusion equations to the Laplace space, a
general solution for Eq. (2) can be given:

C x; pð Þ = A cosh x
ffiffiffiffiffiffiffiffiffiffiffi
p = D̃

q
+ B sinh x

ffiffiffiffiffiffiffiffiffiffiffi
p = D̃

q
ð5Þ

with p the Laplace variable. Inserting (5) in the boundary condition
Eq. (3) yields a relation between the coefficients A and B:

B = −A

ffiffiffiffiffiffiffi
pD̃

q
+ kexch: cothl

ffiffiffiffiffiffiffiffiffiffiffi
p= D̃

q
ffiffiffiffiffiffiffi
pD̃

q
⋅cothl

ffiffiffiffiffiffiffiffiffiffiffi
p= D̃

q
+ kexch:

ð6Þ

The current at x=0 is, after Laplace transformation of Eq. (2),
defined by:

I pð Þ = n⋅F ⋅S⋅J pð Þ = −n⋅F ⋅S⋅B
ffiffiffiffiffiffiffi
pD̃

q
ð7Þ

where n is the charge of the diffusing ion (n=2 for oxygen), F is
the Faraday constant and S is the surface area. The electrode
voltage is directly related to the oxygen activity, aO(x,p), which is
the sum of the equilibrium value and the electrochemical
perturbation, aO(x,p)=aO° +a(x,p). This is expressed in Laplace
space with:

V pð Þ = RT
nF

ln
a-O + a x;pð Þ

a-O

 !
x=0

≈ RT
nFa-O

a x;pð Þx=0 ð8Þ
s Pt electrode with a significant larger polarisation resistance than the LSCF working
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Fig. 4. Photograph of a PLD LSCF layer on a CGO electrolyte (left) and a SEM image of the LSCF surface (right).
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assuming that the perturbation is much smaller than the equi-
librium activity. The relation between concentration and activity is
given by the thermodynamic enhancement factor, W:

W =
∂ lnc
∂ lna =

c
a ⋅

∂a
∂c ð9Þ

This factor can be obtained from TGA or coulometric titration
experiments. Now Eq. (8) can be expressed in C(x,p) by combining
Eqs. (8) and (9):

V pð Þ = RT
nFc-i

∂ lna-O
∂lnc-O

" #
C x;pð Þx=0 =

RT
nFc-i

∂ lna-O
∂lnc-O

" #
A ð10Þ

Dividing the voltage by the current yields the impedance in
Laplace space. Assuming steady state conditions, jω can be substituted
for the Laplace variable p, resulting in the final impedance equation
for the ‘GFLD’:

Z ωð Þ = Z0ffiffiffiffiffiffiffiffiffi
jωD̃

q
ffiffiffiffiffiffiffiffiffi
jωD̃

q
cothl

ffiffiffiffiffiffiffiffiffiffiffiffiffi
jω= D̃

q
+ kexch:

kexch:cothl
ffiffiffiffiffiffiffiffiffiffiffiffiffi
jω= D̃

q
+

ffiffiffiffiffiffiffiffiffi
jωD̃

q ð11Þ
Fig. 5. Typical impedance diagram for a 1 μm thick PLD LSCF layer, 750 °C in air.
With:

Z0 =
RT

n2F2Sc-O

∂ lna-O
∂lnc-O

" #
=

RT
8F2Sc-O

∂ lnPO2

∂lnc-O

" #
ð12Þ

The high frequency limit yields the well-known Warburg or semi-
infinite diffusion relation. It is easy to see that for very fast surface
exchange (k→∞) Eq. (11) simplifies to the finite length Warburg
(FLW, [8,9]), while for blocking conditions (k=0) the finite space
Warburg (FSW, [8,9]) evolves.

The low frequency semicircle can be parameterized (for ωb0.01·
D/(2·l2) ) through:

Z ωð Þ = Z0
D̃
l + k

D̃
l k + jD̃ω

= Z0

1
k + l

D̃

h i
1−jω l

k

� �
1 + ω2ð l=kÞ2

ð13Þ

which is the model of a capacitance parallel to a resistance:

Rdc = Z0
1
k

+
l

D̃

� �
and Cchem =

1

Z0
1
l + k

D̃

h i ð14Þ

In case kbbD, i.e. surface exchange limitation, then Cchem will
be directly proportional to the thickness, l. The time constant,
Fig. 6. Thickness dependence of Rdc and Cchem, T=750 °C in air.
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Fig. 7. Arrhenius graph of the surface exchange rate (presented as Rpol) and Cchem for a
15 μm thick PLD sample measured in air.
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τ=Rdc·Cchem= l/k, is independent of the diffusion coefficient. D can
be obtained from the slope of Rdc vs. l.

3. Experimental procedure

Dense LSCF cathodes with different thickness were deposited by
Pulsed Laser Deposition (PLD) on 2.5 mm thick Ce0.9Gd0.1O1.95 pel-
lets in a three electrode arrangement, see Fig. 2. The pulsed laser
deposition was performed with a KrF excimer laser, using a fluency of
2.6 J/cm2 and a frequency of 20 Hz. The LSCF target was an
isostatically pressed LSCF pellet on a rotating holder. The laser
ablation occurred in a vacuum chamber in 0.02 mbar oxygen ambient.
The CGO substrates were heated to 750 °C during deposition. The
reference electrode was provided by a Pt wire bonded with a little Pt-
ink into a groove at half height at the cylindrical side of the pellet. For
the counter electrode a similar PLD layer with different thickness was
applied. The use of a porous Pt-counter electrode is not advisable as
the electrode properties are inferior to the LSCF electrodes and will
result in a strong pseudo-inductive artifact in the impedance, see
Fig. 3. This is the result of a cross-talk between counter and reference
electrode (see e.g. [10]), caused by the excessive polarization of the
Pt-counter electrode.

The electrode impedancewasmeasured with a Solartron 1250 FRA
combined with a 1287 electrochemical interface over a frequency
Fig. 8. LEIS spectrum of intentionally ‘Cr-poisoned’ LSCF surface (upper line) and pristi
range of 65535 Hz to 10 mHz. The data is validated with a Kramers-
Kronig test [11] and analysed with CNLS-program ‘Equivalent
Circuit’[12]. Thickness dependent measurements were carried out at
750 °C in air. The impedance was also measured as function of
temperature for a 15 μm thick layer.

4. Results and discussion

Fig. 4 shows a close up of the PLD electrode and a SEMmicrograph
of the surface area. The typical impedance of a 1 μm thick electrode is
presented in Fig. 5. The high frequency Warburg behavior cannot be
observed. The analysis results for Rdc and Cchem are presented in Fig. 6.
The chemical capacitance shows a clear linear thickness dependence,
which is consistent with surface exchange limitation, i.e. kbbD ,see
Eq. (14) . The electrode resistance Rdc, however, seems to be inversely
proportional to the electrode thickness, which is neither consistent
with diffusion limitation nor with surface exchange limitation. The
observed dependence can be modeled (see Fig. 6) with:

Rdc = Rexch + Relectr ⋅l
−2 ð15Þ

with: Rexch=2.0 Ω (1.6 Ω·cm2) and Relectr= 2.9·105 Ω·nm-2. This
effect is caused by the distance between contact points of the Pt-mesh
with respect to the layer thickness. Because of the sheet resistance a
significant polarization drop evolves along the surface from each
contact point, causing a concentration/activity gradient. Hence the
‘apparent effective’ surface area for the exchange decreases with
diminishing layer thickness. For the 100 nm layer the electrode im-
pedance shows a more clearly diffusive behavior (depressed semicir-
cle, close to 45°) which is consistent with this proposed model. This
effect will be further analyzed using a Finite Element Modeling
approach. From these results it is at least evident that the surface
exchange reaction is rate determining for the dense electrodes.

The temperature dependence for a 15 μm thick sample is
presented in Fig. 7. The activation energy for the surface exchange
reaction is with 190 kJ·mol-1 quite high, but consistent with previous
and recent conductivity relaxation measurements [13,14].

A preliminary poisoning study was carried out by adding a small
amount of chromium by PLD to a fresh LSCF surface. The surface
analysis was performed with Low Energy Ion Scattering Spectroscopy
(LEISS) at Calipso b.v., Eindhoven (now in Münster). This sample
showed a large Sr peak and a small Cr peak. A ‘pristine’ sample, used as
blanco, showed a more significant Cr peak, while the Sr peak virtually
had disappeared, see Fig. 8. This PLD LSCF layer had been the first layer
ne surface, but inadvertently poisoned by stainless steel heater plate (lower line).
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deposited on the CGO electrolyte and, subsequently, had been in
contact with the stainless steel heating plate onwhich the sample was
mounted. This clearly indicates that chromium is easily transferred by
contact. Two of the four layers had thus already a Cr surface
contamination. The trend in the thickness dependence of Rdc does
not indicate a serious influence of this Cr-poisoning, possibly
indicating that more than a surface layer is needed for an appreciable
effect.
5. Conclusions

The surface exchange rate of mixed conducting oxides can be
studied easily on well-defined thin and dense layers deposited with
pulsed laser deposition. Same type working and counter electrodes
are strongly advised for a standard 3-electrode set-up. The polariza-
tion resistance of the counter electrodemay not be significantly larger
than the working electrode.

An important criterion for the minimal required thickness is the
relation between the density of contact points (gauzemesh), the layer
thickness, the electronic conductivity and the exchange rate. For the
studied LSCF compound a minimum thickness of 1 μm is required
with the use of a standard Pt-gauze.

Great care must be taken during the PLD-procedure to avoid
inadvertent contamination from the sample support/heater system. In
direct contact chromium is already transferred from stainless steel to
the backside of the cell.
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