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Abstract

Oxygen diffusion is treated in a dense electronically
conducting perovskite pellet blocked ionically on one
surface, electronically on the other, and sealed on the
periphery. Oxygen exchange at the electronically
blocked surface is assigned first order reaction
kinetics. An equivalent circuit model is suggested for
the cell impedance by the Laplace transform of
Fick’s second law. Asymptotic expressions are
employed to extract the slope of the coulometric
titration curve and the chemical diffusion coefficient
from electrochemical-impedance-spectroscopy (EIS)
data. NLLS fit with the theoretical model is per-
formed to evaluate the surface oxygen exchange
coefficient at the interface of the electrochemical
cell. The methodology is applied to determine the
chemical diffusion and surface exchange coefficients
of oxygen in SrCoysFeysO;_s, interfaced with a
YSZ electrolyte. The experimental results are used
to link the processes corresponding to the diffusion of
oxygen vacancies to the ionic conductivity of the
material. The data is applicable to solid oxide fuel
cell cathodes, oxygen permeation membranes and
related systems. © 1999 Elsevier Science Limited.
All rights reserved
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spectroscopy,

1 Introduction

In the last decade, much attention has been focused
on mixed conducting oxides as they appeared sui-
table for various industrial uses. As air electrodes
for solid oxide fuel cells, oxidation catalysts, and
gas separation membranes for oxygen recovery or
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purification, these nonstoichiometric oxides meet
many potential applications.

To select the best material among many different
compositions, flux measurements are commonly
used!-? but reveal little information on the oxygen
transport process. More recently, electrochemical
techniques have been used to extract the chemical
diffusion coefficient of oxygen in perovskites.>*
Despite accurate measurement, data analysis
became problematic when the assumption of
reversible boundary conditions at the electronically
blocked surface was no longer valid because high
bulk diffusivity implies that surface exchange then
becomes rate determining.

For this purpose, oxygen exchange at the
specimen/electrolyte interface was assigned first
order reaction kinetics to solve the diffusion
equations in the present study. Since the results
are expressed in the frequency domain, Electro-
chemical-Impedance-Spectroscopy (EIS) was used
to directly test the new model with no need to
perform the often difficult and time consuming
inverse Laplace transform. Asymptotic behaviors
were derived following the A-C method developed
by Ho et al’ for lithium diffusion in thin films.
An electrochemical blocked cell design similar to
that of Giir et al.® was used for the EIS measure-
ments.

The material selected for the study is a highly
defective cobaltate SrCoq.sF(.s05_s with a focus on
the validity of the theoretical model for diffusion of
oxygen in such oxides and the proposed equivalent
circuit model for data analysis.

2 Experimental

The powder used to produce SrCog.sFep.sO03_s
samples was obtained by mixing ground stoichio-
metric ratios of nitrates of Sr and Co, with Fe,Os,
followed by repeated calcining and grinding until
no impurities were detectable by X-ray powder
diffraction.*
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The experimental arrangement is shown in Fig. 1
and involved the use of a single compartment elec-
trochemical cell configuration. The SrCoy.sFey.505_s
pellet is electronically blocked on one surface by an
oxygen-ion conducting YSZ electrolyte, and on the
opposite surface by a platinum foil blocking oxy-
gen transport. Platinum paste was applied on the
reverse side of the electrolyte to act as the porous
counter and reference electrodes. This particular
design has been developed and successfully used in
the measurement of oxygen transport in A-site
doped manganites.?

The perovskite pellet taken for this setup was
0-8 mm thick and had a diameter of 5-5mm. The
bulk density of the sample was 92% of the theore-
tical value, and presented a closed porosity of 8%
while no open porosity was detectable.

Before the assembly of the cell, a little of the
platinum paste was applied on the bare face of the
sample. This very porous platinum layer was
expected to catalyse oxygen exchange across the
YSZ-perovskite interface and to produce a spacing
between the two materials in order to avoid any
undesired chemical reactions.

3 Theory

Figure 2 represents the equivalent circuit model
suggested for the following electrochemical cell:

Po, (airPt-paste/YSZ /Pt-paste/

SI'CO().5F60.503_5/P'[—f0ﬂ

The first part, the resistance Rysz in serial connec-
tion with an RC circuit simulates the platinum
electrode interfacing the sample, as well as the
ohmic drop within the electrolyte.® The second part
represents the oxygen transport in and out of the
perovskite pellet, where Ry is the surface exchange
resistance, Z, is the finite length diffusion element,
and CPE, is the distributed capacitance to account
for gaseous and adsorbed oxygen at the sample’s
surface.

Pt-foil sample  Pt-paste

glass seal

ﬁ@#\/ —T

electrolyte

electrodes

Fig. 1. Electrochemical cell design used for impedance-spec-
troscopy measurements.

With the aim to calculate the complex impedance
for oxygen transport within the specimen, one may
solve Fick’s second law in the Laplace plane while
assuming first order reaction kinetics at the elec-
tronically blocked interface and no ion transport
across the sample/ Pt (foil) interface. This will lead
to the definition of a complex impedance in the
form of eqn (1)’
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The first term in eqn (1), independent of frequency,
is the surface exchange resistance R;. A similar
result has recently been reported by ten Elshof ef
al.® The second term of eqn (1), named Z,, is a well
known expression describing finite-length bulk dif-
fusion.” At intermediate frequencies, small d~iﬁ"u—
sion coefficient or thick samples, i.e. > >D/L?
the expression for Z; reduces to
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Re(Zy)(w) = —Im(Z,)(w) = (2)

At very low frequencies, for very thin samples or
large diffusion coefficient the real part of the impe-
dance is independent of frequency and the imagin-
ary part has the form
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Fig. 2. Equivalent circuit model used to perform NLLS fit on
the impedance data.
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4 Results and Discussion

Figure 3 shows the plot of Im(Z) versus 1/w for
frequencies from 500 uHz down to 70 uHz. Equa-
tion (3) gives (dE/dd8)s=—2-3V for the slope of the
coulometric—titration curve. The same estimates of
(dE/db)s were done at 908 and 847°C and we
obtained similar results which confirmed that the
experiment was conducted within the linear part of
the coulometric titration curve.

A Warburg response was observed in the fre-
quency range of 3mHz down to 700uHz. This is
shown in Fig. 4 where the impedance adopts a dif-
fusion like behavior predicted by the model at
intermediate frequencies. The chemical diffusion
coefficient obtained from the slope of these two
straight lines using eqn (2) is 1-4x10~>cm?s~! for
Im(Z) and 1-0x10~>cm?s~! for Re(Z). These
values are one order of magnitude higher than
those reported previously for the same material,*
but the inadequacy of the reversible model used
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Fig. 3. Imaginary part of the measured impedance at 880°C
versus 1/w in the frequency range of 70 to 500 uHz.
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Fig. 4. Real and imaginary parts of the measured impedance
at 880°C versus 1/w'? in the frequency range of 700 uHz to
3mHz.

then to analyze the relaxation data may appear as
lower coefficients.

Impedance measurement at 880°C on this
blocked cell is plotted in the complex plane in
Fig. 5. The straight line at very low frequencies is
the common response of a pure capacitor and it
indicates that the electrochemical cell under inves-
tigation was perfectly sealed. Indeed, if oxygen
molecules could reach the sample through some
leaks, a leakage current would arise corresponding
to a shunting of the capacitor and a third semi-
circle would replace this straight line.

The equivalent circuit model schematically
represented in Fig. 2 was used to perform a Non-
Linear Least Square fit on these data and the gra-
phical result is also shown in Fig. 5. The chemical
diffusion coefficient calculated from the fit results
was 1-2x107°cm?s~!. Using eqn (1), the para-
meter R; lead to a value for the surface exchange
coefficient of 3-0x10~*cms~!. From the latter two
coefficients, one can estimate the critical thick-
ness!® L.= D/k around 4x10~2cm. Since the
thickness of the perovskite pellet used in the
experimental set-up was 2x L., the limitation for
oxygen transport rose from vacancy diffusion as
well as from surface exchange and thus confirmed
the assumption of irreversible boundary conditions
at the specimen/electrolyte interface.

The fit displayed in Fig. 5 gave values for Rp,
and CPEp, well in accordance with the character-
istics of platinum electrodes on YSZ reported by
Van herle et al® In addition, the consistency
between the chemical diffusion coefficients derived
by the asymptotic behaviors and the impedance
fitting, justifies the proposed equivalent circuit
model.

Assuming a nominal nonstoichiometry of
8§ =0-5 given for a similar material,'®!" one can
estimate the thermodynamic enhancement factor!?
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Fig. 5. Measured impedance of the electrochemical cell shown
in Fig. 1 at 880°C plotted in the complex plane.
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Fig. 6. Comparison of the measured impedance with the
Kramers—Kronig transformation of the measured phase.
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slightly larger than the value reported previously
for the same material.*

One can also relate the chemical diffusion coeffi-
cient for oxygen vacancies to the ionic conductivity

116, which appeared to be

with the relation® o; = —£& D ) which leads to an

Viu(dE/ds)
ionic conductivity of 3-6x1072scm~!, about two
orders of magnitude lower than the data obtained
by Teraoka et al.?

Because of chemical incompatibility between the
cobaltate pellet and the YSZ electrolyte,'? and the
long measurement times (about 3 days), the question
of whether the impedance data could be corrupted is
crucial. For that reason, a Kramers—Kronig trans-
formation was performed on the impedance data
before the analysis, to test the stability of the elec-
trochemical system during the measurements. Figure
6 shows a comparison between the measured
impedance of the blocked cell and the impedance
calculated from the phase with the Kramers—Kronig
transform. The good match between the measured
and calculated impedance within the experimental
error proves the validity of the data. Note that the
relatively good NLLS fit with the equivalent circuit
model shown in Fig. 5 is by itself an indication of
the stability of the system.'*

1

5 Conclusion

If first order reaction kinetics is one of the bound-
ary conditions in the resolution of the diffusion
equations, the blocked cell design can still be used
to study oxygen transport in highly defective

cobaltates. An appropriate equivalent circuit
model, including a finite length diffusion impedance
and a surface exchange reaction resistance, leads to
an accurate characterization of the electrochemical
cell. Chemical diffusion and surface exchange
coefficients of 1.2x107> and 3-0x10~%cms~!,
respectively, have been measured for oxygen
vacancies in a SrCog.sFe.50;_s sample at 880°C.
Similar values for the chemical diffusion coefficient
have been extracted from the impedance data with
asymptotic equations derived directly from the
solution of Fick’s second law, thus justifying the
choice of the equivalent circuit model. Finally, both
the NLLS fit with the model and the Kramers—Kro-
nig test confirmed the validity of the impedance data.
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