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Abstract The oxygen electrode reaction at the interface
gold∣yttria stabilized zirconia was investigate using micro-
electrodes by chronoamperometry and electrochemical
impedance spectroscopy, with emphasis put on effect of
prolonged polarization of the electrode. Two interesting
phenomena were observed: (a) generally, the long-lasting
negative polarization resulted in a slow monotonous
decrease of the current flowing through the electrode, (b)
the reaction mechanism was less complicated for the
polarized then unpolarized electrodes, which resulted in a
relatively simply equivalent circuit used for modelling the
former ones. On the basis of the data obtained, the apparent
exchange currents normalized vs. the three phase boundary
length and Tafel slopes were determined. The methods of
determining the three phase boundary length were dis-
cussed. The reconnaissance data obtained for the Pt
microelectrode are also reported.
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1 Introduction

For over 50 years, yttria stabilized zirconia (YSZ) is still
believed to be the most suitable electrolyte for use in
oxygen sensors, solid oxide fuel cells (SOFCs) and water
vapour electrolysers despite strenuous efforts aimed at
finding other, superior ionic solid for these applications.
This opinion has been formed due to the high ionic
conductivity and stability of YSZ [1–5].

The thermodynamics of yttria stabilized zirconia is well
understood for decades. However, a controversy still
persists over the mechanism and kinetics of processes
occurring at an interface electrode∣YSZ electrolyte [6–10].
This problem is of key importance for the SOFCs, where
apart from the ohmic drop, slow kinetics of electrode
processes is a source of significant energy losses.

In all types of fuel cells, porous electrodes are used to
provide high density of current drawn from the cell under
load. One of the possible reasons for unsatisfying under-
standing of electrode reactions in the SOFCs with YSZ
electrolyte is the fact that majority of studies has been
made, by an analogy to the state-of-the-art fuel cell, on
porous electrodes with complex and difficult to determine
structure and geometry. To avoid problems associated with
porous electrodes at solid state electrolytes, a number of
researchers have applied a concept of microelectrodes, well
known from liquid electrochemistry. In solid state electro-
chemistry, the microelectrodes were frequently exploited in
polymer electrolytes [11–14] whereas they were less
commonly employed in ionic solids [15–18]. Use of
microelectrodes has a number of benefits: (1) facilitates
the investigation of charge transfer reaction, (2) enables to
scan properties of electrode surface and electrolyte and (3)
reduces the effect of ohmic drops, which affects the results
of measurements in low-conducting electrolytes.
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Two types of microelectrodes are generally utilized in solid
state ionics: sharp needles directly pressed onto the sample
and dense film dots deposited by either pulsed laser deposition
or lithographic pattering. Unfortunately, even in the case of
microelectrodes with well defined dimensions and structures
prepared by the latter methods, the results obtained are
frequently poorly reproducible. One of the reasons for this
behaviour can arise from inhomogeneous surface properties of
the electrolyte, whereas the other may result from an
irreversibility of processes produced by a DC-bias applied,
intentionally or unintentionally, to the electrodes.

During fuel cell operation under load, the cathodes are
polarized with overpotentials Δhj j, which often exceed
0.3 V for thousands of hours. There are several reports in
the literature that the electrical efficiency of SOFC with
LSM or LSCo cathodes increases significantly in the first
several hours of loading. The improvement of fuel cell
characteristics is confined to electrode | electrolyte inter-
face, namely to: (1) microstructural changes [19], (2)
removing of passive species [20], (3) enhancing perfor-
mance of the oxygen exchange surface reaction [21], (4)
formation of oxygen vacancies at the LSM surface [22], (5)
reduction of contacting resistance [23] and (6) acceleration
of oxygen surface dissociation and diffusion [24].

In the conditions relevant to the SOFC operation, the
enhanced currents were also observed for gold electrodes
on YSZ; this behaviour was attributed to stoichiometric
changes of the electrolyte induced by the high applied voltage
[25–26]. Presumably, the so called, irreversible behaviour of
Pt microelectrodes on YSZ surface [27–29], may also be
associated with the similar changes of electrolyte structure.

Our work is aimed at an elucidation of effects of
prolonged polarization on the current response of metallic
microelectrode. Since dense, metallic microelectrode con-
strains to occur significant reactions at three phase
boundaries and therefore corresponds, in a certain sense,
to a single particle of porous electrode, such studies are
worth to be performed. The emphasis was put on effect of
negative polarization of the electrode, because the cathodic
process predominantly affects the current–voltage charac-
teristics of the cell. This article concentrates at the processes
occurring at an Au∣YSZ interface because of the following
reasons: (1) the enhancement of the currents was already
reported at high biases for the gold electrodes, which were
formed as inter-digitated strips [25]. We observed that the
similar effect occurs for the quasi-point Au electrode
polarized with the significantly smaller overpotentials; (2)
to date published papers described, the so called, irrevers-
ible behaviour of Pt microelectrodes [27–29]. It is of
interest to check if this behaviour can be correlated with the
enhancement of currents observed for the micro-electrodes
made of other materials than Pt. The present work reports
the data obtained at an interface Au∣YSZ, whereas the

similar investigations for Ag and Pt electrodes are now
under way; (3) well defined contact between Au and YSZ
electrolyte are formed easier than in the case of Ag and Pt
(silver and platinum are more plastic and more rigid than gold
in the measurement temperature, respectively). Therefore, to
acquire experience in the optimal conditions of the measure-
ment, Au was chosen for the first experimental series.
Nevertheless, preliminary results obtained with the Pt micro-
electrode are also presented in this paper for comparison.

2 Experimental

The YSZ electrolyte had a form of disk of 10 mm diameter
and 3 mm thickness. The sintering process was performed
at 1570 °C using zirconia powder doped with 8 mol% of
yttria. The powder characteristics were as follow: ca.
10 m2g−1 surface area, below 0.5 μm average particle size,
ca. 98% of theoretical sinterability at 1300 °C and over
99.95% purity. After sintering, the surface of the disk was
polished with a 3000 waterproof alumina abrasive paper
and afterwards 1 μm diamond paste.

The construction of the experimental, three electrode
measurement system is presented in Fig. 1. Two micro-
electrodes were made from Au and Pt wires of 0.3 mm
diameter. The wire was treaded throughout two holes of
alumina bead forming a semicircle. During the experiment,
these electrodes were alternatively used as working and
reference electrode. The electrodes and disk were assem-
bled inside an alumina holder and gripped together due to
action of springs with a force of about 0.5 N. A counter
electrode, in the form of platinum ring made from a wire of
diameter 0.5 mm, was located in a furrow grooved around
the side wall of the disk. The contact between the platinum
ring and YSZ electrolyte was improved with platinum
paste, which was smeared at inside walls of the furrow. The
holder with electrochemical system of electrodes and
electrolyte was then placed inside an alumina envelope,
which provided a gas-tight separation from the outer

Fig. 1 Schematic draw of the electrochemical measurement system
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atmosphere. Finally, the whole system was located in a
horizontal electric furnace.

An inlet of the gases was situated a few millimeters from
the side wall of the disk providing the gases to flow directly to
the electrodes. A set up of gas flow controllers allowed to
control the composition and flow rates of gases introduced
into the cell. The experiments were performed for different
contents of O2 in a mixture of O2+Ar, equivalent to the
oxygen partial pressures pO2=0.01, 0.1 and 1.0 bar. The flow
rate of the gases into the electrochemical cell was 20 ml/min.

Before the experiment, the cell was heated to 950–
1000 °C and held about 1 h at this temperature. In these
conditions, gold and platinum became soft and the micro-
electrodes, pressed by the springs to the disk, increased
contact areas between the metal and electrolyte. After heating
the cell at 950–1000 °C, the temperature was decreased to
the measurement temperature and the system was left for
24 h to stabilize under the flow of O2+Ar mixture. The
experiments were performed at 600, 700 and 800 °C.

The chronoamperometric (CA) and electrochemical imped-
ance spectroscopy (EIS) techniques were used in the measure-
ments. Due to long-term effects of electrode polarization, the
dependences of the current on the time of polarization were
recorded in durations of at least 15 h for the Au micro-
electrodes and 3.5 h in the reconnaissance experiments for the
Pt microelectrodes. In the CA experiments, the microelectr-
odes were polarized from the rest potential down to –0.3 V
with an increment of 0.05 V. Between the consecutive
polarizations, the electrode was left relaxing for ca. 30 h. To

get additional information, the EIS was applied to determine
and characterize the impedance of the electrode before the
polarization and at the end of the potential step.

The electrochemical measurements were performed with
an IM5D Impedance Spectrum Analyser, a product of
Zahner Elektrik, Kronach. The CA dependences of the
current on the time were recorded using PVI software,
provided by the producer. Generally, the frequency range
used in the EIS measurements was 0.02 to 100,000 Hz. The
amplitude of sinusoidal voltage signal was 10 mV. For
analysis of the impedance data, a program based on a
complex non-linear regression least-squares (CNRLS) fit
was used. This program was also provided by the producer.

3 Results and discussion

3.1 Determining the length of three phase boundary

In the circumstances of our experiment, i.e. for the metallic
electrode in a direct contact with the solid state ionic
electrolyte, the electrode reactions occur exclusively at the
three phase boundary (TPB). Two procedures, which were
used for determining the TPB length in the series of
measurements performed with the same Au microelectrode
at 800 °C, are described below. The similar measures were
applied for the other experimental series.

3.1.1 Geometrical estimation of the TPB length

After completing the experiment and disassembling the
cell, the electrodes were examined with a scanning
microscope. The flattened part of metal surface at the
image corresponded to the area that was in a direct contact
with the electrolyte. It was elliptically shaped because side
wall of the wire was deformed by pressing to the
electrolyte. The TPB length was estimated by a direct
geometric measurement of the perimeter of the flattened
part of electrode. It was equal to 2.60 mm.

Fig. 2 Complex admittance plots. (a) Au microelectrode, 700 °C, pO2=0.1 bar; (b) Au microelectrode, 800 °C, pO2=0.1 bar; and (c) Pt
microelectrode, 800 °C, pO2=0.1 bar

Table 1 Conductivities of YSZ (8–10% Y2O3) at 800 °C, determined
by various authors.

Reference σel/ohm
1 cm -1

[2] 0.028
[4] 0.020
[37] 0.014
[38] 0.010
[39] 0.020

J Electroceram (2009) 23:25–36 27



3.1.2 Estimation of the TPB length from the electrochemical
measurements

The TPB length was also determined using the Newmann
equation, which could be written for a perfectly circular,
metallic microelectrode in the form [30]:

Rel ¼ p
2l�TPBsel

ð1Þ

where Rel is the electrolyte resistance determined by the
impedance spectroscopy, σel is the specific conductivity of

the electrolyte and is the three phase boundary length of
circular electrode. However, the microelectrodes used in
our experiments were not circular but elliptical, hence their
TPB boundary lengths lTPB have to be enlarged by the
factor γ:

g ¼ 0:75 z þ 1ð Þ � 0:5
ffiffiffi
z

p
ð2Þ

lTBP ¼ gl�TPB ð3Þ

Fig. 3 Dependences of the cur-
rents normalized vs. the TPB
length on the time of polariza-
tion. Au microelectrode, 800 °C.
Polarizations: filled square
−0.05 V; filled circle −0.1 V;
unfilled triangle: −0.15 V; un-
filled diamond −0.2 V; unfilled
square −0.25 V and unfilled
circle −0.3 V. (a) pO2=0.01 bar,
(b) pO2=0.1 bar and (c)
pO2=1 bar
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where ξ=a/b and a, b are the semimajor and semiminor
axes of ellipse, respectively. For all the electrodes used in
our experiments, the deformation parameter ξ≌2.9. Thus,
as can be calculated from Eq. (2), the corrective factor γ≌
2.1. More detailed considerations regarding this evaluation
can be found in our earlier paper [31].

To estimate the TPB length lTPB from Eqs. (1)–(3), the
resistance Rel and specific conductivity of the electrolyte σel
must be known. For our electrolyte sample, σel=0.020
Ω−1cm−1 was determined from the EIS measurement. In
this measurement, large porous Pt electrodes, considered to
behave reversibly, were deposited on opposite sides of the
YSZ disk. The conductivity data of ZrO+(8–10%)Y2O3 at
800 °C, obtained by various authors, are presented in
Table 1 for comparison. It should be emphasized that the
scatter of the data presented in Table 1 occurs likely due to
different conditions of the sample preparation (temperature,
time of sintering) and properties of reagents (particle size,
purity, sinterability).

Rel, the electrolyte resistance, was estimated from the
complex admittance plots such as these presented in Fig. 2.
For the data presented in Fig. 2, it is relatively easy to fit a
semicircle, which represents polarization admittance of the
oxygen electrode. The right crossing points of the semicir-
cle with the Y′ axis can be attributed to the total admittance
of the electrolyte. As can be seen in Fig. 2, the admittance
of the electrolyte 1/Rel is independent of the duration of the
experiment and polarization of the electrode. Determining
the electrode resistance from the complex impedance plots
appeared to be less precise because of a small number and
uncertainty of experimental points in the required range of
high frequencies [31]. For the considered experimental
series performed at 800 °C with the Au microelectrode,
Rel=606–622 Ω.

By inserting into Eqs. (1–3) γ=2.1, σel=0.020 Ω−1 cm−1

and Rel=606–622 Ω, the TPB boundary lengths was
calculated to be equal lTPB=2.65–2.72 mm. This value

agree well with the TPB length determined from the geo-
metrical measurement, which was described in Section 3.1.1.
Therefore, to avoid the difficulties related to the geometrical
determination of lTPB for each single electrode, we decided to
used in our further calculations the lTPB value determined
according to the procedure described Section 3.1.2. This
procedure allowed us also to detect immediately any change
in geometry of the electrochemical system during the experi-
ments lasting at least a couple of weeks.

Because Pt is less plastic than Au at elevated temper-
atures, the TPB lengths of the Pt electrodes (1.32–1.45 mm)
were almost twice lower than these of the Au electrodes in
the same conditions of the experiment (800 °C, preheated to
950–1000 °C).

3.2 Current vs. time dependences for the oxygen reduction

Typical CA dependences of the currents flowing through
the Au electrode at different negative polarizations are
shown in Fig. 3. They were determined at 800 °C for the
three partial pressure of oxygen pO2=0.01, 0.1 and 1 bar.
The currents in this figure were normalized vs. the TPB
lengths, determined according to the procedure described in

Fig. 4 Dependences of the cur-
rents normalized vs. the TPB
length on the time of polariza-
tion. Pt microelectrode, 800 °C.
Notations as in Fig. 3

Table 2 The apparent exchange currents normalized vs. the TPB
length and Tafel slopes calculated from the CA measurements for the
Au∣YSZ and Pt∣YSZ interfaces.

Electrode Temperature/°C pO2/bar �i0l�1
TPB

�
Acm�1

αn

Au 600 0.1 1.4e-8 0.5
700 0.01 9.2e-9 0.7

0.1 4.2e-8 1.0
1.0 1.8e-7 0.9

800 0.01 5.4e-8 0.8
0.1 1.7e-7 1.0
1.0 4.3e-7 1.1

Pt 800 0.1 3.1e-5 0.8
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Section 3.1.2. Because the stable values of the currents
were approached very slowly, especially at lower potentials,
the experiments lasted at least 15 h. There are six curves
presented for the each partial pressure of oxygen; the curves
were recorded at the potentials −0.05, −0.1, −0.15, −0.2,
−0.25 and −0.3 V. For the gold electrodes, the analogous
dependences of the current on the polarization time were
also determined at 600 °C (pO2=0.1 bar) and 700 °C (pO2=
0.01, 0.1 and 1.0 bar).

These dependences show the following characteristics:

(a) as it was mentioned before, long time was necessary
for the currents to stabilize when the electrode was
polarized with a steady negative potential lower than
−0.15 V. In these cases, the character of current-time
dependences had generally an asymptotic character.
For the higher potentials, the currents approached
stable values much faster, after 1–3 h of the polarization;

Fig. 5 Dependences of the nor-
malized currents on the inverse
of polarization time. The solid
lines represent the fits of Eq. (4)
to the experimental points.
Conditions of the experiment
and notations as in Fig. 3
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(b) generally, the absolute currents had a tendency to
increase monotonically with the time. Only at 700 °C
and pO2=0.01 bar, after abrupt increase just at the
moment of switching the polarization on, the currents
gradually decreases.

The similar dependences obtained for the Pt microelec-
trode under pO2=0.1 bar at 800 °C are presented in Fig. 4.
These measurements had a reconnaissance character,
therefore the dependences were recorded in much shorter
time of 3.5 h. The absolute normalized currents ilTPB

−1,
which flowed through the Au electrode, were distinctly
lower than these flowing through the Pt electrode in the
same conditions of the experiment.

The increase of absolute value of current with the time
during the CA experiments coincidences with the improve-
ment of SOFC characteristics, described in the introduction
to this article. Such a phenomenon is quite rare and

therefore may be helpful to identify the mechanism of
oxygen electrode in YSZ. In the case of a coupled catalytic
reaction with a quasi-reversible or irreversible charge
transfer, one may expect asymptotic grow of CA current.
Unfortunately, no theoretical treatment of this scheme for a
step-like polarization was performed, in contrast to, for
example, linear scan voltammetry [32]. While the charge
transfer in our case should rather be considered as a quasi-
reversible process, an asymptotic approach to a steady state,
non-zero current in CA experiments is also characteristic for
a catalytic reaction following a reversible electron transfer,
ErC' [33–35]. An enhancement of reaction zone by a DC bias
postulated in the literature [25, 26], although proceeds with
different mechanism, may lead to similar effects.

Generally, the SOFCs are designed to operate in
thousands of hours, therefore we believe that long-term
effects of the polarizations are very important for practical
reasons. So as, not to disregard these effects, an attempt

Fig. 6 Dependences of the nor-
malized currents on the inverse
of polarization time. The solid
lines represent the fits of Eq. (4)
to the experimental points.
Conditions of the experiment
and notations as in Fig. 4

Fig. 7 Allen–Hickling plots for
the normalized currents approx-
imated to infinitely long time of
polarization. plus sign Au mi-
croelectrode, 600 °C, pO2=
0.1 bar; unfilled circle, unfilled
square, unfilled triangle Au mi-
croelectrode, 700 °C, pO2=0.01,
0.1 and 1 bar, respectively; filled
circle, filled square, filled
triangle Au microelectrode,
800 °C, pO2=0.01, 0.1 and
1 bar, respectively and multipli-
cation sign Pt microelectrode,
800 °C, pO2=0.1 bar
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was made to estimate the asymptotic values of the
normalized currents il�1

TPB

� �
1, which corresponded to their

values after infinitely long time of the polarization.
So as, not to disregard these effects, an attempt was

made to estimate the asymptotic values of the normalized
currents il�1

TPB

� �
1, which corresponded to their values after

infinitely long time of the polarization.
To determine il�1

TPB

� �
1, we fitted the parameters of Eq. (4)

il�1
TPB ¼ il�1

TPB

� �
1� const1

�
t � const2

�
t2 � const3

�
t3 ð4Þ

to the experimental points with the least squares method. The
polynomian (4) allows to estimate even complicated form of
the dependence ilTPB

−1 vs. t; its limiting value is equal to
il�1
TPB

� �
1 for t ! 1 . To reveal the character of dependences

(4), they were shown in the coordinates ilTPB
−1 vs. 1/t in

Figs. 5 and 6 for the data presented in Figs. 3 and 4,
respectively. The il�1

TPB

� �
1 values correspond to the inter-

cepts of dependences (4). To make the fitting procedure
more reliable for long durations of the polarizations, the
initial points, recorded at times shorter than 2 h for the Au
electrodes and 1 h for the Pt electrodes, were passed over. Of
course, for these CA currents, which stabilize soon since

switching the polarization on (as it occurs frequently for
E>−0.15 V), the const1, const2 and const3 in Eq. (4)
approaches values close to zero

The Allen–Hickling plots [36] of log il�1
TPB

� �
1
.

1�½
n

exp nFE=RTð Þ�g vs. the polarization potential for the Au
and Pt electrodes are presented in Fig. 7. n=2 was assumed,
F, R and T are the Faraday constant, molar gas constant and
temperature, respectively. The calculated values of the
apparent exchange currents normalized vs. the TPB length
and αn products, the so called Tafel slopes, are given in
Table 2.

As can be noted, the normalized apparent exchange
currents increase with increasing temperature and partial
pressure of oxygen. Although the measurements with the Pt
microelectrode had only preliminary character, it is dis-
tinctly seen that Pt is much better electrocatalyst for the
oxygen reduction than Au. The scatter of the calculated
Tafel slopes is relatively large, which may result from a
poor reproducibility of data obtained at microelectrodes in
solid ionics, “memory” effect and peculiar behaviour of the
system. However, with some caution, one may argue that
the calculated Tafel slopes are similar for all the considered
cases, i.e. the similar mechanism of the oxygen reaction

Fig. 8 Bode (a), complex im-
pedance (b) and complex ad-
mittance (c) plots for the Au
microelectrode at 700 °C under
pO2=0.1 bar. Polarizations: un-
filled circle, filled circle 0 V;
unfilled square, filled square
−0.15 V and unfilled diamond,
filled diamond −0.3 V. Lines
correspond to the responses of
the equivalent circuit shown in
Fig. 10 fitted by the CRNLS
method to the experimental
points

32 J Electroceram (2009) 23:25–36



occurs independently of the oxygen partial pressure and
material of electrode. Under this assumption, the average
value of the Tafel slope for all the data presented in Table 2
was calculated to be equal to (αn)av=0.85±0.19.

3.3 Effect of polarization on the impedance of the system

The EIS characteristics of the polarized electrodes were
always measured at the end of the polarization step, just
after recording the CA response, i.e. ca. 15 h since
switching the polarization on. Then the electrode was left
relaxing at the “open circuit” potential for about 30 h until
the subsequent potential step was applied. Before the CA
measurement, the EIS characteristics of unpolarized elec-
trode were also recorded and evaluated. Indeed, we
observed the “memory” effects of the polarization on the
EIS characteristics even after 30 h relaxation of the
electrode. The polarization was lower the effect was higher.
To minimize the influence of this phenomenon on the EIS
response, the potential of the following polarization step
was always managed to be lower than the preceding one.

Typical Bode, complex impedance and complex admit-
tance plots for the unpolarized and polarized Au micro-
electrodes at 700 and 800 °C under pO2=0.1 bar are shown
in Figs. 8 and 9. The lines in these figures correspond to the
responses of the relatively simple equivalent circuit
pictured in Fig. 10. A CRLNS fit to the experimental
points was used to find the parameters of the circuit
elements. Only for the polarized Au electrodes the

Fig. 10 Equivalent circuit used for modelling the polarized Au
microelectrodes

Fig. 9 Bode (a), complex im-
pedance (b) and complex ad-
mittance (c) plots for the Au
microelectrode at 800 °C under
pO2=0.1 bar. Notations as in
Fig. 8

J Electroceram (2009) 23:25–36 33



experimental points were well approximated by the re-
sponse of the equivalent circuit (solid lines in Figs. 8 and 9).
It appeared also that the R2 values corresponded to the
electrolyte resistance Rel, estimated from the admittance
plots presented in Fig. 2. Unfortunately, neither the
unpolarized Au nor Pt electrodes could be simulated by
the equivalent circuit shown in Fig. 10. In the range of
either high or low frequencies, the large deviations of the
fitted responses from the experimental points were distinct-
ly observed (dotted lines in Figs. 8 and 9 for the Au
unpolarized electrodes). This shows that some phenomena,
occurring at the unpolarized Au electrode, could be
eliminated by applying negative polarization.

The dependences of the fitted element parameters of the
equivalent circuit on the potential of polarized Au electrode
at 800 °C are presented in Fig. 11. As can be seen, all the
parameters remain virtually constant in the whole range of
applied potentials except the polarization resistance R1. The
same behaviour is observed at 700 °C. This observation
emphasizes a crucial role of charge transfer in the oxygen
electrode reaction at the Au∣YSZ interface, apart from the
phenomenon that produces the increase of the absolute CA
currents with the time of polarization (see Section 3.2). In
the discussion of the CA data in Section 3.2, the effect of
the latter phenomenon was taken into account by estimation
of il�1

TPB

� �
1.

Fig. 11 Dependences of the
fitted parameters of the equiva-
lent circuit shown in Fig. 10 on
the potential of polarization.
unfilled diamond Q1, unfilled
triangle n1, filled circle R1,
unfilled circle C2 and unfilled
square R2. Au microelectrode at
800 °C under (a) pO2=0.01 bar,
(b) pO2=0.1 bar and (c) pO2=
1 bar
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However, let us assume that the process is exclusively
controlled by a charge transfer and the electrode, repre-
sented by the equivalent circuit pictured in Fig. 10, is
polarized with a steady potential. Then:

R1 ¼ E� i R2 þ R3ð Þ½ �=i ð5Þ
where

i ¼ i0exp �anFE=RTð Þ 1� exp nFE=RTð Þ½ � ð6Þ
The R1 values calculated from Eqs. (5) and (6) and these

determined by the CNRLS fit are compared in Fig. 12. In
the calculations we used the apparent exchange current i0
and αn=0.85 determined from the CA measurements
(Table 2), R2 (700 °C)=2.22 kΩ, R2 (800 °C)=567 Ω,
R3=0 Ω and n=2. As can be seen, a relatively good
agreement between the fitted and calculated values of R1 is
observed for the smallest polarizations, i.e. above –0.15 V.
At the lowest partial pressures of oxygen, pO2=0.01 bar, at
least the character of dependences estimated from Eqs. (5)
and (6) and determined from the EIS measurements,

remains similar. Because the EIS measurements were
performed at the end of polarization step and their results
were not extrapolated to the infinitively long duration of
the polarization as in the case of the CA measurements, it
could be expected that this agreement would be worse for
these currents, which needed long time to stabilize. Indeed,
the slowest stabilizations of the CA currents are observed
in the range of polarizations between −0.15 and −0.25 V at
pO2=0.1 bar and for these data the discrepancies are the
largest. This result corroborates that the oxygen electrode
reaction at Au∣YSZ interface is under the mixed control of
the charge transfer and phenomenon induced by DC bias.

4 Conclusions

1. The CA and EIS measurements were performed at the
Au∣YSZ interface in the following ranges of the
experimental parameters: potentials −E=0–0.3 V, par-
tial pressures of oxygen pO2=0.1–1.0 bar and temper-

Fig. 12 Comparison of the ap-
parent charge transfer resistances
estimated by the CLNRS fit to
the EIS responses (points) and
calculated from Eqs. (5) and (6)
with use of the data obtained on
the basis of the CA measure-
ments (lines). Au microelectrode
at (a) 700 °C and (b) 800 °C.
Partial pressure of oxygen pO2:
unfilled circle, filled circle
0.01 bar; unfilled square, filled
square 0.1 bar and unfilled
triangle, filled triangle 1 bar
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atures 600–800 °C. It was shown that the three phase
boundary length could be determined for the metallic
microelectrode using the modified Newmann equation.

2. The CA experiments showed that the currents needed
relatively long time to stabilize when the electrode was
polarized with a constant negative potential lower than
−0.15 V. Therefore, the estimation the asymptotic
current, which corresponds to the infinitely long time
of polarization, was evaluated to determine the apparent
exchange currents and Tafel slopes.

3. The EIS characteristics of the polarized electrodes were
measured after 15 h polarization. The relatively simply
equivalent circuit, consisted of two parallel subcircuits
R1-CPE and R2-C, was used to simulate the data
obtained for the polarized Au microelectrodes. All the
fitted parameters of the circuit elements remained
virtually constant in the whole range of applied
potentials apart the polarization resistance R1. The
further discussion justified that the oxygen electrode
reaction at the Au∣YSZ interface is under mixed
control of the charge transfer and phenomenon induced
by DC bias.
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