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Iron doped strontium titanates (SrTi1-xFexO3-d) are an interesting mixed ionic-electronic conductor
model used to study basic oxygen reduction/oxidation reactions. In this work, we performed an
impedance spectroscopy study on symmetrical porous SrTi0.30Fe0.70O3-d (STF70) electrodes on a ceria-
based electrolyte. The sample was measured in varying oxygen concentration: from 0.3% to 100% in
800 �Ce500 �C temperature range. Low polarisation resistance (e.g. <125 mU cm2 at 600 �C in the air)
values were obtained, showing an overall high performance of the STF70 electrode. Impedance data
analysis was assisted by the distribution of relaxation times method, which allowed an equivalent
electrical circuit to be proposed comprising of two resistance/constant phase element sub-circuits
connected in series. The medium frequency contribution, with a characteristic frequency of
~2000 Hz at 800 �C in air, originates most probably from possible surface diffusion followed by charge
transfer reaction limitation, whereas the lower frequency contribution (characteristic frequency <10 Hz)
is due to gas-phase diffusion.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Electrochemical impedance spectroscopy (EIS) is a powerful
method for the determination of the electrochemical properties of
materials in an almost unlimited number of applications. For
example, EIS is used extensively to determine the performance of
electrodes in solid oxide cells (SOCs) [1e3], in biosensors [4e6], in
oxygen sensors [7], in pH sensors [8,9] or determining properties of
conductive polymers like polypyrrole [10,11]. In the case of SOCs,
the polarisation resistance of the electrodes is usually measured as
a function of the materials preparation methodology (e.g. sintering
temperature, particle size, resulting porosity), measurement tem-
perature, and oxygen partial pressure. Often, the frequency
response (impedance spectra) of the electrodes shows quite a
complex result, not easily fitted with simple circuits. Over the years,
useful tools have been developed to help in the analysis of these
complex phenomena. The method that has been growing in
popularity in recent years is the distribution of relaxation times
. Mrozi�nski).

r Ltd. This is an open access article
(DRT) analysis [12e18]. It became popular due to the availability of
a free software tool developed by the prof. Ciucci group e DRTTools
[19e23]. The software offers simple control over the most impor-
tant parameters required to successfully and reliably use the DRT
method.

DRT offers the possibility of differentiation of the measured
spectra of several electrochemical processes when characteristic
frequencies overlap. Quite a few research groups have used this tool
to analyse the electrodes of SOCs. Both the oxygen and fuel elec-
trodes were studied to devise their mechanisms.

Pło�nczak et al. used DRT to determine the electrochemical
processes on thin-film dense (La,Sr)MnO3-d electrodes. DRTallowed
the number of contributing processes to be resolved. For a
description of the symmetrical electrode system, three R-CPE ele-
ments connected in series were used (with characteristic fre-
quencies at 900 �C of ~1 kHz, ~30 Hz, and 1500 Hz). Clematis et al.
analysed Ba0.5Sr0.5Co0.8Fe0.2O3�d oxygen electrodes. DRT was used
to determine the effects of electrode polarisation in a 3-electrode
cell, allowing the polarisation influenced processes to be seen. In
addition to the oxygen electrode, fuel electrodes were also studied
[15,24e26]. DRT can also be used to study full fuel cells, where
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:aleksander.mrozinski@pg.edu.pl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2020.136285&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2020.136285
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.electacta.2020.136285


A. Mrozi�nski et al. / Electrochimica Acta 346 (2020) 1362852

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

there are many simultaneous electrochemical reactions. Chrzan
et al. studied a solid oxide cell with infiltrated electrodes and the
effects of ageing. As many as 5 different processes were determined
[27]. Tong et al. studied large-area cells with La0.6Sr0.4CoO3-d elec-
trodes. A full cell model with 5 contributing processes was also
devised based on DRT analysis [28]. Also, full polymer electrolyte
cells were studied using DRT. The analysis revealed as many as 7
contributions. Moreover, DRT can be used in batteries and other
systems [29,30].

Oxygen electrode reactions, including oxygen reduction and
oxidation reactions, are one of the most important chemical/elec-
trochemical reactions studied. Even though these processes have
been studied for many years, there is still no specific and universal
model for the reactions at high temperatures. Due to the complex
nature of the process, it is highly dependent on the conditions
(temperature, oxygen concentration), as well as on thematerial and
its preparation (defects, particle size, etc). Developing reliable tools
for the determination of the electrochemical processes is an
important and challenging task.

A reversible oxygen electrode reaction is a complex process
consisting of several elementary steps. One possible pathway for
the reaction is presented below (according to Kr€oger-Vink notation)
[31,32]:

Step 1) Mass transfer of O2 molecules in the gas phase and
adsorption on the electrode surface: O2(g) 4 O2(ads);
Step 2) Dissociation of the adsorbed molecules: O2(ads) 4

2O(ads);
Step 3) Charge transfer to oxide ion electrolyte:
O(ads) þ 2e� þ VO

.. 4 OO
x;

Step 4) Mass transfer of oxide ions in the bulk of the electrode/
electrolyte: VO

..
(electrode) 4 VO

..
(electrolyte);

To determine the rate-limiting step of the oxygen electrode
reaction, the electrode resistance can be studied as a function of
both temperature and oxygen partial pressure (pO2) [33]. The
following generalised relation can be used to describe the electrode
resistance (Rel):

1
Rel

f ðpO2Þn [Equation 1]

Different n-values indicate the type of oxygen species involved
in the electrochemical reaction [33e35]. An inverse proportionality
relation (n ¼ 1) indicates the molecular oxygen involved (O2), a
(pO2)0.5 dependence indicates the contribution of atomic oxygen
(O). The value of n ¼ 3/8 is possibly related to the partial reduction
of the atomic oxygen (O(ads) þ e� / O�

ads). For n ¼ 1/4, the charge
transfer reaction has been described as the limiting factor. The
studies of electrode polarisation as a function of both the temper-
ature and oxygen concentration are thus a powerful tool to deter-
mine the rate-determining reactions. These are however generally
complex measurements which can be affected by many factors
[36,37], thus the results should be treated with caution.

Iron substituted strontium titanates, with a general formula of
SrTi1-xFexO3-d are model materials used for studies of mixed ionic-
electronic conductors [36,38e40]. Depending on the iron content,
the properties of the materials (electrical conductivity, surface ex-
change, and diffusion coefficient) can be altered and their effects
studied [41,42]. These materials have been shown to offer prom-
ising performance as catalysts for a number of reactions [43,44], as
oxygen electrodes for solid oxide cells [45,46], and found use in
resistive oxygen gas sensors [47,48]. Our previous study of the
electrochemical processes on porous SrTi0.65Fe0.35O3-d (STF35)
electrodes revealed three different contributions. For a description
of the high-frequency contribution (characteristic frequency of
~200 Hz at 800 �C in air), a diffusion related Gerischer equivalent
element was used. It was ascribed to the diffusion of the oxygen ion
in the STF35. Based on this work, it is interesting to study the in-
dividual contributions for higher Fe-substituted materials, which
have higher total electrical conductivities, lower band gaps and
higher oxygen vacancy concentrations [36,42,49].

In this work, we study SrTi0.30Fe0.70O3-d perovskite for its oxygen
electrode reaction processes based on porous symmetrical elec-
trode configurations. STF70 is an interesting electrode material
with high ionic conductivity, catalytic activity, and moderate elec-
tronic conductivity. By application of electrochemical impedance
spectroscopy coupled with the distribution of relaxation times
analysis, we determine the equivalent circuit and then obtain the
individual contributions and follow their temperature and oxygen
concentration dependent behaviour. This allows for the determi-
nation of the rate-limiting processes and opens the possibilities to
improve the materials in the future.

2. Experimental

SrTi0.30Fe0.70O3-d (STF70) powders were fabricated by a solid
state reaction method, according to the details in Ref. [46,50].
Stoichiometric amounts of reagent grade SrCO3, TiO2 (EuroChem,
Poland), and Fe2O3 powders (Chempur, Poland) were weighed and
mixed in a planetary ball mill (Fritsch Pulverisette7). The mixed
powders were pressed into a large pellet (diameter of ~3 cm,
thickness ~1.5 cm), calcined at 1200 �C for 15 h, followed by
crushing, pressing of a new pellet and calcining again at 1200 �C to
form the single phase material. To measure the electrical conduc-
tivity of the bulk STF70, a pellet was prepared by compacting a
powder and sintering at 1200 �C for 2 h. To obtain fine-grained
powder for paste preparation, it was milled in a planetary mill
with ZrO2 balls for 12 h and thermally treated at 600 �C. From the
powder, the electrode paste was prepared. The powder was mixed
with a commercial paste vehicle (403, ESL, USA) in a weight ratio of
2:3. The pastewas mixed in a planetary ball mill with zirconia balls.

For symmetrical electrode substrates, Ce0.8Gd0.2O1.9 (CGO) pel-
lets were prepared. Commercial CGO powder (DKKG, Japan) was
pressed into cylindrical pellets of ~1 mm thickness and 16 mm
diameter. No additives were used for pressing. The green pellets
were sintered at 1400 �C for 8 h. The porosity of the pellets after the
sintering was <4% measured by Archimedes method. After the
sintering, the planar surfaces of the CGO pellets were polished
using diamond suspensions (particle size ~3 mm). After the pol-
ishing step, the individual pellets had a thickness of ~600 mm.

Electrical conductivity measurements of the bulk CGO and
STF70 pellets were performed using the van der Pauw method.
Platinumwires were fixed to the sample outer edges by silver paste
(DuPont 4922 N, USA). The measurement was performed using
Keithley 2400 and an automated data logging system in the tem-
perature range of 900e450 �C in 100% O2, 20% O2, and 1% O2 for the
STF70 and CGO.

Using the pre-prepared paste and the CGO pellets, symmetrical
electrode samples were produced. The electrodes were screen-
printed (DEK 65, UK) on the two sides and sintered at 800 �C for
2 h. The resulting electrode areawas 0.4 cm2. For current collection,
the surfaces of the electrodes were painted with Pt paste (ESL 5542,
USA), dried and fired at 600 �C. The surface roughness of the
electrodes was measured using a Keyence laser scanning
microscope.

The impedance measurements were performed in a 4-wire
compression cell with Au meshes pressed against the STF70/Pt
electrodes. The measurement cell was placed inside a sealed quartz
tube in order to control the atmosphere. A Novocontrol Alpha-A
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with a ZG-4 interface was used for measurement of the impedance
spectra. Analyses were carried out at 25 mV amplitude in the fre-
quency range of 3 MHz to 0.05 Hz. The temperatures were 800 �C,
700 �C, 600 �C, and 500 �C. A controlled oxygen concentration
(100%, 80%, 50%, 30%, 20%, 15%,10%, 5%, 2.5%, 1%, 0.3%) was obtained
by mixing high precision reference gas mixtures (oxygen in argon):
100%, 20%, 1%, and 0.01% (100 ppm) using mass flow meters (Aal-
borg, USA).

For plotting and analysis of the impedance data, the obtained
impedance spectra were re-calculated for the electrode area
(0.4 cm2). In the case of polarisation resistance, the value was
further divided by a factor of 2 to accommodate the two identical,
symmetrical interfaces.

Impedance spectra were fitted using the Elchemea Analytical
web-tool developed by the Technical University of Denmark (www.
elchemea.com, DTU Energy).

The collected impedance spectra were analysed by the distri-
bution of relaxation times method. For this purpose, the freely
available DRTTool from the prof. Ciucci group was utilised. Prior to
use, the spectra were corrected for the inductance of the rig.
Different parameters for the DRT were used to evaluate the spectra,
as described in the results section.

The microstructural characterisation of the electrodes was per-
formed by scanning electron microscopy (SEM) using a Thermo
Fischer Phenom XL microscope with an integrated energy disper-
sive x-ray spectrometer. For analysis of the cross-sections, the
samples were vacuum embedded (CitoVac, Struers) in epoxy
(EpoFix, Struers) and polished down to a 1 mm finish.

3. Results and discussion

3.1. Sample general properties

The microstructure of the symmetrical STF70 electrodes on the
CGO electrolyte is shown in Fig. 1A and B. Screen-printing of the
electrodes results in a macroscopically uniform microstructure of
the electrodes. Higher magnification images reveal the thickness of
the electrodes to be ~20 mm, with a porosity of ~35%. The particles
visible in the electrodes have sub-micrometre sizes. The surface
roughness parameter value, Sa ¼ 0.41 mm, confirms a smooth sur-
face. The remnants of the painted Pt current collector are still
visible. The thickness of the CGO pellet is ~600 mm, which was also
measured with micro-caliper. The sample shown had already un-
dergone the measurement procedure, which included several
thermal cycles and many oxygen concentration changes. The
microstructure shows no sign of cracks or delamination, which
indicates good compatibility of the STF70 with the CGO substrate,
even though a mismatch of thermal expansion coefficient (TEC)
exists. The previously measured TEC of the bulk STF70 is
~23 � 10�6 K-1 [50], whereas the TEC of the CGO is ~13 � 10�6 K-1.
Fig. 1. A) SEM polished cross-section image of the symmetrical STF70 electrodes on CGO elec
laser microscope profilometry.
The difference in TEC values is high (~10� 10�6 K-1), but some other
electrodematerials with such a large TECmismatch are successfully
used (e.g. La0.6Sr0.2Co0.2Fe0.8O3-d, La0.6Sr0.4CoO3-d with TECs >18
[51,52]).

The total electrical conductivities of the bulk CGO and STF70
materials were measured on sintered pellets by the van der Pauw
method, and the results are presented in Fig. 2A. The electrical
conductivity of ceria, representing purely ionic O2� conduction, is
much lower than the conductivity of the iron substituted strontium
titanate, which is a mixed ionic-electronic conductor. At 800 �C, the
ionic conductivity of ceria is ~100 mS cm�1, and decreases to
~5 mS cm�1 at 500 �C, with an activation energy of 0.69 eV. These
are typical values for doped ceria electrolytes [53]. The measured
total conductivity of STF70 in air is ~16 S cm�1 in air at 800 �C. For
STF70, the exact ionic and electronic conductivity contributions are
not specifically reported. Based on the results of a series of iron
substituted strontium titanates, the electronic transference number
is ~0.98, with the ionic conductivity at the level of ~40 mS cm�1 at
800 �C [54]. As presented in Fig. 2A, the electrical conductivity of
CGO, in this oxygen partial pressure range (0.3%e100% O2), due to
the ionic regime of operation, is not dependent on the oxygen
concentration [53]. STF70 is a typical p-type conductor, with its
electronic conductivity increasing with increasing oxygen content
(in the high pO2 range). According to Ref. [42], in the temperature
range 750 �Ce1000 �C, based on the defect chemistry description,
the total electrical conductivity follows the conductivity ~ (pO2)1/4

behaviour, which indicates that the oxygen vacancy concentration
is independent of the partial pressure. Thus the mobility/concen-
tration changes of the majority carriers (p-type) dominate the total
conduction of STF70 in the studied oxygen concentration range.

Fig. 2B and C summarise the results obtained from the imped-
ance measurements on the symmetrical electrodes. The data is
divided into the ohmic - Rs (Fig. 2B) and polarisation - Rpol (Fig. 2C)
contributions, shown for three oxygen levels (100%, 20%, and 1%).
The spectra and underlying electrochemical processes will be
analysed in detail in the following sections. From Fig. 2B and C, it is
evident that the oxygen concentration change has a negligible in-
fluence on the ohmic part, and a large influence on the polarisation
contribution.

3.2. Impedance spectra and distribution of relaxation times analysis

For assistance in the determination of the electrochemical
processes occurring on the STF70 electrodes, the DRT method was
used for impedance spectra analysis. At the first step, we tried to
vary the analysis parameters in order to obtain satisfactory results.
A representative spectrum, used as a model example here,
measured at 800 �C in 1% O2 is presented in Fig. 3A. The DRT of the
presented spectra is shown in Fig. 3B. Different l parameters (l e

regularisation parameter) were used for qualitative analysis. A
trolyte, B) surface morphology of the STF70 electrode including SEM surface image and
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Fig. 2. A) Electrical conductivity of CGO and STF70, B) ohmic, and C) polarisation resistances of the symmetrical STF70 electrodes.

Fig. 3. A) Exemplary impedance spectra measured at 1% O2 at 800 �C used as a model result, B) the effect of different l-values on the resulting DRT spectra, C) spectra with fitted
two R-CPE elements with D) corresponding DRT analysis, E) spectra with fitted three R-CPE elements with F) corresponding DRT analysis.
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 change of l results in the number of “peaks” visible at higher fre-
quencies, and in the lowering and widening of the lower frequency
contribution. For l ¼ 1 � 10�4, there are at least three peaks visible
around ~300 Hz. Increasing the lambda parameter to 5 � 10�4 and
1� 10�3 results in a change of shape of the DRT spectra. The process
at higher frequencies now seems to have a shoulder at the higher
frequencies only. Analysing simulated simple R-CPE elements (not
shown here), this broadening of the DRT peaks does not come from
another R-CPE contribution, but is just a result of the fitting of a
single R-CPE element. For l ¼ 5 � 10�3, only a single broader peak
can be found around ~300 Hz. Based on this simple analysis, the
selection of l can have a profound effect on the number of peaks
determined by DRT. On the basis of the performed analyses, it was
chosen to further study an equivalent circuit consisting of two R-
CPE elements connected in series and perform a DRT with
l ¼ 1 � 10�3.

Unfortunately, hardly any publications are reporting the specific
parameters used for the DRT analysis. For example, Weiß et al. used
a value of l ¼ 1 � 10�5, and they obtained and analysed 7 different
peaks for a polymer electrolyte cell. For comparison, Heinzmann
et al. showed the influence of l on the resulting DRT spectra for
polymer electrolyte membrane cells [55]. They used a value of
l ¼ 1 � 10�3, which provided “a compromise between selectivity,
low residuals, and oscillation avoidance”. For lower l values, more
peaks appeared that were believed to be not true.

Fig. 3C shows the same spectra as Fig. 3A, with added individual
contributions calculated according to the developed equivalent
circuit consisting of two R-CPE elements. A very good fit is obtained,
which is also confirmed by the back-calculation of the DRT based on
the fitted R-CPE parameters, as presented in Fig. 3D. To obtain in-
dividual R-CPE equivalent circuit values, the complex non-linear
least-squares fitting (NLLS) Elchemea software was used. So the
DRT was only used to determine the number of equivalent circuit
elements. In principle, the DRT can also be used to calculate the
contribution resistances (given by the peak area), but this approach
is not well proven. As we will briefly show (Fig. 3 and its discus-
sion), DRT transforms the data and can alter it considerably
depending on the used parameters, which will influence the fitting
procedure results. It would be also problematic for non-trivial el-
ements, for example the Gerischer element, which in DRT is hard to
resolve, but is usually well treated by dedicated impedance soft-
ware. Use of the well-developed impedance fitting tools seems
more convenient and much more established at this stage in the
authors’ opinion. For additional analysis, the spectrum from Fig. 3A
was also fitted with three R-CPE elements, as presented in Fig. 3E.
The obtained fit is also very good in the Nyquist plot, but the back-
calculated DRT spectra, presented in Fig. 3F, shows a clear deviation
from the DRT of the measured spectra. A new contribution with a
peak frequency of ~1.5 Hz can be noticed between the low and
higher frequency peaks. Thus the DRT can also be used as an
important validation tool for the fitting procedure, and can assist in
selecting the proper equivalent circuits.

http://mostwiedzy.pl
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Based on the data presented in Fig. 3, we selected the following
parameters for the DRT analysis of all of the spectra: regularisation
parameter l ¼ 1 � 10�3, C4 Mat�ern discretisation method, and the
regularisation derivative: 2nd-order. In our experience, for this set
of data, these are the most reproducible and dependable parame-
ters, which can also be confirmed by the equivalent circuit fitting
and back-calculation of the DRT, and the similarity of the original
and back-calculated DRT results.

Below, we show the spectra and their respective DRT analyses
for varying oxygen concentrations (5%, 20%, and 100%) at 700 �C
(Fig. 4) and for varying temperatures (800 �C, 700 �C, and 600 �C)
measured in 15% O2 (Fig. 5). The separate peaks, corresponding to
the two R-CPE equivalent processes, have been deconvoluted and
inserted in the spectra figures.

The oxygen content has a clear influence on the lower frequency
contribution. This contribution is clearly visible for 5% O2, still
noticeable for 20% O2, and seems to disappear in pure O2. Also, the
ohmic resistance and the higher frequency contribution seem to
change with oxygen concentration, but to a lesser extent. The DRT
analysis of the presented spectra shows good agreement between
the measured and fitted spectra. The characteristic (peak) fre-
quencies for the processes are ~120 Hz and ~1 Hz for the higher and
lower frequency contributions, respectively.

The exponents for the CPE elements (denoted here as g-values)
Fig. 4. Impedance spectra measured at 700 �C in different oxygen concentration

Fig. 5. Impedance spectra measured in 15% O2 at different temperatures, an
were relatively constant for the two contributions. For the higher
frequency contribution, which is an apparently depressed semi-
circle, the g-value was ~0.70e0.80, whereas, for the lower fre-
quency contribution, the g-value was between 0.90 and 1.00. As a
general comment, we would like to note that the measured
polarisation resistance values are quite low, i.e. only ~10 mU cm2 in
100% O2 at 800 �C (measured resistance of ~50 mU cm2).

The influence of temperature on the impedance spectra is pre-
sented in Fig. 5. Strong temperature activation is visible, the resis-
tance of the higher frequency contribution (R1-CPE1) changes from
~15 mU cm2 at 800 �C to >250 mU cm2 at 600 �C. The lower fre-
quency contribution seems constant, so its relative magnitude vs.
R1-CPE1 changes. At high temperatures, even at a relatively high
oxygen concentration of 15%, the resistance of the first and second
elements are comparable.

Together with an ohmic resistance (Rs), the proposed equivalent
circuit, consisting of two R-CPE sub-circuits connected in series, fit
well to all of the measured spectra (see Fig. 3C). The full equivalent
circuit of the symmetrical porous electrode cell is thus (according to
Boukamp’s notation [56]): Rs(R1-CPE1)(R2-CPE2). The sum of R1-
CPE1 and R2-CPE2 corresponds to the Rpol. The obtained values of
the parameters of each equivalent circuit element were calculated
(resistances and capacitances) and analysed individually in details
as a function of oxygen concentration (0.3%e100% O2) and
s and their corresponding DRT plots: A,B) 5% O2, C,D) 20% O2, E,F) 100% O2.

d their corresponding DRT plots: A,B) 800 �C, C,D) 700 �C, E,F) 600 �C.
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temperature (800 �Ce500 �C).

3.3. Analysis of ohmic resistance

The ohmic (non-frequency dependent) contribution in the
impedance spectra can be the result of several factors. Mainly, it
includes the contributions stemming from the electrical conduc-
tivity of the thick CGO electrolyte, and of the relatively thin
electrodes.

Fig. 6 presents ohmic resistance contribution of the equivalent
circuit vs. the oxygen concentration and the temperature. The
ohmic resistance changes slightly with the changing oxygen con-
centration, with a lowering of the resistance at increasing oxygen
concentration. This indicates a possible p-type conduction mech-
anism. The CGO electrolyte, at this pO2 range, is a pure ionic
conductor, so its conductivity can be assumed to be oxygen con-
centration independent. The electrical conductivity of the STF70
electrode is influenced by the oxygen concentration change, as
presented in Fig. 2A. Rothschild et al. showed that the resistivity of
STF70 follows the relationship: R ~ pO2

�0.25 [42]. Linear fitting of the
data shown in Fig. 6 results in slopes in the range�0.03 to�0.05, so
much lower than reported for bulk STF70, but it is measured on top
of the ceria pellet, which constitutes most of the resistance. Thus
the oxygen concentration has a relatively low, but measurable in-
fluence on the ohmic resistance of the samples.

The temperature dependence of the conductivity, presented as
an Arrhenius plot in Fig. 6B, shows Arrhenius-type temperature-
activated behaviour, with activation energy equal to ~0.55 eV. This
value is a bit smaller than what was obtained using the van der
Pauw method, because the STF70 electrode slightly influences the
overall conductivity of the layered structure. This is, however,
Fig. 6. Ohmic resistance (Rs) of the symmetrical electrodes on CGO

Fig. 7. R1 resistance values of the symmetrical electrodes on CGO
generally in line with the electrical conductivity activation of ceria-
based materials [53,57]. The STF70 has a much lower activation
energy and higher conductivity level, and thus the total resistivity is
dominated by the CGO.

The ohmic resistance of the CGO at 800 �C, based on the thick-
ness and measured conductivity value (data from Fig. 2A), is
~0.6U cm2, whereas the ohmic contribution of the STF70 electrodes
is only a few mU cm2 at maximum, due to the much higher con-
ductivity and lower thickness. The sum value of ~0.6 U cm2 is very
close to the Rs value determined from impedance spectroscopy,
which means that no large current constriction/current collection
effects take place. The ohmic resistance of the porous electrodes,
even in the case of relatively low electric conductivity (assuming a
safe, low value of only 10 S cm�1 at 800 �C) is very low, below a mU
cm2, which represents a negligible value compared to the polar-
isation resistance, which will dominate the electrode response.

3.4. Analysis of polarisation resistance contributions

Based on the DRT analysis and initial fitting tests, the overall
polarisation resistance can be well described by two R-CPE ele-
ments for most of oxygen concentrations. For high oxygen content
(over 30% O2), R2-CPE2 contribution becomes negligible. The rela-
tive magnitude of R1-CPE1 to R2-CPE2 is very high and fitting by
two R-CPE is not possible. In the equivalent circuit used, the higher
frequency process, fit to R1-CPE1, and lower frequency process fit to
R2-CPE2. The determined electrical properties of these elements,
determined as a function of oxygen concentration and temperature,
are presented in Figs. 7 and 8, respectively.

The higher frequency resistance contribution (R1) is presented
as a function of oxygen concentration in Fig. 7A (see also data in
as a function of A) oxygen concentration, and B) temperature.

as a function of A) oxygen concentration, and B) temperature.
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Fig. 8. R2 resistance values of the symmetrical electrodes on CGO as a function of A) oxygen concentration, and B) temperature.
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Table S1). Increasing the oxygen concentration results in decreasing
resistance, with the slopes varying in the range n500 �C ¼ �0.23 to
n800 �C ¼ �0.38. The dependence on oxygen content can be thus
described as moderate. In the lower temperature range (500 �C and
600 �C), the slope values are close to 0.25, which indicates that
charge transfer is the rate-determining process (theoretical n ¼ 1/
4). For higher temperatures (700 �C and 800 �C), the exponent in-
creases to 0.32e0.38. It is close to a theoretical value of n ¼ 3/8
(0.375) which has been reported to be connected to a reaction
controlled by the atomic oxygen diffusion process followed by a
charge transfer [58], so a form of intermediate between processes
described by n¼ 1/2 and n¼ 1/4. The relative change of the limiting
processes might be due to different activation energies of the
possible contributions (surface diffusion, charge transfer).

Temperature activation of the process described by R1 is pre-
sented in Fig. 7B (see also data in Table S1). The resistance values
are dependent on the temperature with an activation energy of
~1.1 eV, slightly dependent on the oxygen concentration. Lowering
the oxygen concentration results in lowering the activation energy,
from 1.18 eV obtained in 100% O2 to 0.98 eV in 0.3% O2.

The obtained data for the R1 contribution can be compared with
our previous results obtained for STF35 [46]. The oxygen depen-
dence slopes were very similar. The resistance magnitude was
however higher for the STF35 sample, almost by an order of
magnitude. At 800 �C in 20% O2, the STF35 resistance was
~85 mU cm2, whereas, for the STF70, the resistance was
~14 mU cm2. The lower value of the resistance is due to the faster
kinetics of adsorption of oxygen for the iron-richer compound. The
temperature effect on the resistance was also stronger for the
STF35, for which activation energies ~1.4 eV were reported,
considerably higher than the value of 1.1 eV reported here.
Fig. 9. A) Capacitance, and B) characteristic frequency v
The resistance parameters of the second equivalent circuit
component, R2-CPE2, are shown as a function of oxygen concen-
tration in Fig. 8A, and as a function of temperature in Fig. 8B. All
results (values of the equivalent circuit parameters) also are
collected in Table S1. This is the lowest frequency contribution
(characteristic frequency of <5 Hz), clearly noticeable for oxygen
concentration < 20%. The strong effect of the oxygen content on the
R2 is visible. The R2 resistance is directly inversely proportional to
the oxygen content. The slope, in the double logarithmic plot,
shows inversely proportional behaviour (n ¼ �1). This slope is
characteristic for the description of the gas diffusion process in the
electrodes. It is thus strongly affected by the oxygen content, but
not so much by the temperature, which is evident in Fig. 8B. Due to
the relatively low frequency of the process, the fitting at 500 �C can
have a relatively large error, thus for the fitting of the activation
energy, the three highest temperatures were used. The “activation
energy” is negative and has a small magnitude. The values vary
between �0.08 and �0.13 eV. If the points at 500 �C were included
in the calculation, then the values would be ~0 eV. The low negative
temperature effect is also a characteristic feature of the gas diffu-
sion process: in simple theoretical considerations, based on the
Nernst equation and gas diffusion laws, Masuda et al. derived a
small negative dependence of T�0.5 on the gas diffusion overvoltage
[59], which is supported experimentally by our results.

To supplement the resistance values, specific pseudo-
capacitances and characteristic frequencies of the medium-
frequency and low-frequency contributions were calculated, and
are presented in Fig. 9A and B, respectively (see also data in
Table S2).

For the medium frequency contribution, R1-CPE1, the specific
capacitance (C1) is in the range 5e144 mF cm�2. Specifically, at
alues calculated from CPE1 and CPE2 contributions.
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800 �C, the capacitance varies between 5 and 14 mF cm�2

depending on oxygen concentration. The characteristic frequency is
strongly affected by the temperature, and also by oxygen concen-
tration. At 800 �C, the characteristic frequency is ~2000 Hz in 20%
O2. Based on the literature, this process can be ascribed to oxygen
atom diffusion followed by a charge transfer reaction [58].

For the low-frequency contribution, R2-CPE2, the specific
capacitance shows quite high values. For example, at 500 �C, C1
varies between ~1.5 F cm�2 at 1% O2, to ~6 F cm�2 at 30% O2. These
high capacitance values have a chemical, not electrochemical
origin, and are typical for a gas diffusion process. The characteristic
frequency of the gas diffusion process is relatively low, ranging
from 5 to 0.5 Hz.

Based on the results presented in Figs. 3e9, the values obtained
from fitting an equivalent circuit consisting of two R-CPE elements
(R1-CPE1 and R2-CPE2), corresponding to two possible electro-
chemical processes, seems valid and well substantiated. The ob-
tained values fit very well with the available literature data
reported for mixed ionic electronic conductors.

The porous STF70 electrode shows good electrochemical per-
formance, applicable for practical electrodes for solid oxide cells
operating at or above 700 �C, where the polarisation resistance Rpol
is < 100 mU cm2. This level of polarisation resistance is acceptable
for high performance cells, where a polarisation resistance limit of
~150 mU cm2 is often quoted [60]. STF70 is also a Co-free electrode
material, which is beneficial from a processing and cost point of
view. Also, it has been reported that STF70 has limited Sr surface
segregation, so its long-term performance can be favourable [61].

Comparing the obtained results with our previous study of
porous STF35 electrodes [46], STF70 shows much higher perfor-
mance, mostly due to its higher electronic and ionic conductivity,
higher surface exchange coefficient (k*) and diffusion coefficient
(D*) [36,42]. For STF35, the impedance analysis revealed contri-
butions from the ionic transport in the material (at ~200 Hz) and
adsorption (~20 Hz). For STF70, the higher frequency contribution
(~2000 Hz at 800 �C) is visible, and the overall polarisation is lower.
According to Merkle and Maier, the rate-determining step for Fe-
doped SrTiO3 is the dissociation of oxygen, diffusion, and charge
transfer, whereas the incorporation into the lattice is a fast process
[36]. Clematis et al. analysed the impedance spectra of Ba0.5Sr0.5-
Co0.8Fe0.2O3-d in a 3-electrode setup. The authors describe that at
700 �C, the losses are dominated by ionic conduction and charge
transfer at the electrode/electrolyte interface. Oxygen adsorption
and bulk diffusion had a minor contribution. The authors did not
study the effects of oxygen concentration, but only analysed the
polarisation effects. Hjalmarsson and Mogensen analysed sym-
metrical porous (La0.6Sr0.4)0.99CoO3-d at different oxygen concen-
tration (2%e100%) [34]. The authors proposed an equivalent circuit
consisting of two R-CPE elements in series. The higher frequency
contribution (summit frequency of 0.5e5 kHz) showed thermal
activation (~1.1 eV), capacitance of ~0.25 mF cm�2, and pO2
dependence of n ¼ 0.35. The lower frequency contribution was
strongly dependent on oxygen concentration and had capacitance
values of ~50 mF cm�2, which were ascribed to mass transport
limitations (gas diffusion). The origin of a relatively low value of
capacitance was unclear. Typically, values of this magnitude are
ascribed to molecular adsorption. Wang et al. studied PrBaCo2O5þx
and showed that the major contributions show a charge transfer
limitation (n close to 0.25 was obtained) with the characteristic
frequency of ~1000 Hz. The polarisation resistance level was quite
similar to our work (<125 mU cm2 at 600 �C).

The characteristic frequency value and specific capacitances
obtained in this work for the R1-CPE1 elements differ a bit from the
level reported by Escudero et al. [58], but this may be due to much
higher performance of the STF70 electrodes, thus shifting the
frequency and capacitance values. The activation energy is the
same (1.16 eV in the air), and the oxygen concentration dependence
is similar.

Our results show that the rate-determining reaction step, at
700 �C and 800 �C is most probably the surface oxygen diffusion
process followed by charge transfer. At lower temperatures, i.e. 500
�C and 600 �C, the limiting step is the charge transfer reaction.
4. Conclusions

We studied the electrochemical performance of symmetrical
porous SrTi0.30Fe0.70O3-d electrodes on a ceria-based electrolyte.
Overall, STF70 showed high electrochemical performance (Rpol
<125 mU cm2 at 600 �C), comparable to state-of-the art materials.
We studied a possible electrochemical reaction rate-limiting pro-
cess by performing impedance measurements as a function of ox-
ygen concentration and temperature. For data analysis, we used the
distribution of relaxation times method. The DRT proved to be a
useful tool in assisting the selection of a proper equivalent circuit
model. Importantly, DRT can also be a very good tool to validate the
proposed model by back-calculating the fitted spectra and
comparing it with the DRT of the measured one. Based on the an-
alyses, an equivalent circuit composed of two R-CPE elements was
selected and fitted to all spectra. The higher frequency process (fpeak
~2000 Hz in air at 800 �C), denoted as R1-CPE1, based on the ob-
tained oxygen concentration dependence of R ~ pO2�0.38 was
ascribed to originate from surface diffusion of the oxygen species
and possible following charge transfer (reduction) reaction. The
lower frequency process (R2-CPE2, fpeak ~5 Hz in air at 800 �C)
originates from gas diffusion (R2 ~ pO2

�1).
STF70 is a highly performing oxygen electrode material for solid

oxide cells, which might find also extensive use in oxygen separa-
tion membranes, catalysis, sensors and others. Understanding of
the underlying electrochemical processes can lead to further
improvement of the material.

This study and the obtained results show that electrochemical
impedance spectroscopy, assisted with the distribution of relaxa-
tion times data analysis method and extensive temperature and
oxygen concentration measurements offer an important insight
into the electrochemical processes.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.electacta.2020.136285.
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