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Abstract
This work evaluates the effects of the sintering temperature (800 °C, 900 °C, 1000 °C) of SrTi1-xFexO3-δ (x = 0.35, 0.5, 0.7)
porous electrodes on their electrochemical performance as potential oxygen electrode materials of solid oxide cells. The materials
were prepared by a solid-state reaction method and revealed the expected cubic perovskite structure. After milling, the powders
were characterised by a sub-micrometre particle size with high sinter-activity. It was shown that the lowest area specific resistance
was achieved after sintering SrTi0.65Fe0.35O3 electrodes at 1000 °C, and SrTi0.5Fe0.5O3 and SrTi0.30Fe0.70O3 electrodes at 800 °C,
which can be considered to be a relatively low temperature. In general, EIS measurements showed that increasing the Fe content
results in lowered electrode polarisation and a decrease of the series resistance. Even though the studied materials have much
lower total conductivities than state-of-the-art electrode materials (e.g. (La,Sr)(Co,Fe)O3), the polarisation resistances obtained in
this work can be considered low.
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Introduction

Mixed ionic and electronic conducting materials (MIECs) are
the main group of materials used for high temperature solid
oxide cell (SOC) electrodes [1]. There are several features of
porous MIEC materials that have an impact on the perfor-
mance of the electrode. The microstructure of the electrode
(porosity, tortuosity, particle size) [2, 3], intrinsic oxygen ac-
tivity (surface exchange, oxygen diffusion) [4, 5], interface
between the electrode and electrolyte or the barrier layer [6],
and the electronic transport properties are all very important.
The most studied group of MIEC oxygen electrode materials
are the perovskites [7–9]. They are given by the general ABO3

formula, with A being a large cation in 12-fold coordination

by oxygen anions, and B a relatively smaller cation in the
centre of an oxygen-coordinated octahedra (6-fold coordina-
tion). Typically, the A cation is one of the alkaline earth cat-
ions, whereas B is a transition metal cation, e.g. CaTiO3—the
archetypical perovskite mineral. In general, the A and B sites
can be occupied by more than one cation type, thus providing
enormous possibilities to develop new materials. For applica-
tions in SOCs, (La,Sr)(Co,Fe)O3, LSCF, and (La,Sr)CoO3,
LSC, are the most studied ones [10–14]. Also, other materials
groups have been studied: double perovskites, Ruddlesden-
Popper-type phases [15], and others [16–21]. Typical elec-
trode materials have high ionic and electronic conductivity
levels, with total conductivities exceeding 100 S cm−1; how-
ever, the exact role of the influence of the individual partial
conductivity levels on the resulting electrode performance is
yet to be established, and is currently an active research topic
[5, 22, 23]. In this respect, materials with relatively low total
conductivities (or materials with a low electronic-to-ionic con-
ductivity ratio) and good oxygen catalyst properties are very
interesting for research. Among the interesting materials with
relatively low total conductivities (< 10 S cm−1 at 800 °C) and
high ionic conductivities (comparable with yttria stabilised
zirconia or ceria-based materials) are iron doped strontium
titanates (SrTi1-xFexO3-δ (STFx)) [24–27]. Because of their
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high ionic conductivity (~ 10−2 S cm−1 at 800 °C) [28], they
have found application as oxygen separation membranes [29,
30], catalysts for water electrolysis reactions [31], resistive
sensors of oxygen [32] and ethanol [33], and also in solid
oxide fuel cell (SOFC) systems as electrodes [34–36] or the
functional layer [37]. STFx-based materials show low
polarisation resistance and good long term stability, including
limited Sr surface segregation [38, 39], which is problematic
for LSC/LSCF compounds.

Most studies have focussed on the properties of thin and
dense STFx films used as model electrodes [24, 28], whereas
the properties of porous electrodes have practically not been
studied. Our previous work showed good performance of po-
rous STF35 (SrTi0.65Fe0.35O3) electrodes [40, 41], which has
also been confirmed by other authors [38]. The obtained
polarisation resistance results were comparable with the
well-known LSCF electrode materials. An area specific resis-
tance (ASR) of 0.020 Ω cm2 at 650 °C [42] has been reported
for LSCF, whereas for SrTi0.1Fe0.9O3 (STF90), an ASR of
0.067 Ω cm2 at 650 °C has been reported [43]. Some reports
show that STFx material with x = 0.35 has the lowest degree
of structural distortions, which makes it promising for techni-
cal applications [44] despite its relatively low electronic con-
ductivity (~ 2 S cm−1) and higher ASR values (~ 0.1 Ω cm2 at
800 °C [40]). In general, there is only a limited number of
publications related to STFx performance, and the materials
require more studies.

The current work studies the effects of electrode sintering
temperature on the electrochemical properties of porous SrTi1-
xFexO3-δ (x = 0.35, 0.5, 0.7) electrodes based on symmetrical
cells. This work is a continuation of our previous initial study
of an STF35 electrode [41].

Materials and methods

Material and samples preparation

SrTi1-xFexO3-δ (STFx) materials with different Fe substitution
levels (x = 0.35, 0.5, 0.7) were synthesised from analytical
grade (> 99% purity) reagents—strontium carbonate
(EuroChem, PL), titanium dioxide (EuroChem, PL), and iron
(III) oxide (Chempur, PL)—by the solid-state reaction meth-
od, as described in our earlier work [41]. Briefly, stoichiomet-
ric amounts of the reagents were re-ground in an agate mortar
and were subsequently ball milled (Fritsch Pulverisette 7,
ZrO2 milling container) in absolute ethanol (99.9% purity)
with a rotational speed of 600 rpm for 15 h using 5 mm
YSZ balls. The obtained STFx powders were further annealed
at 600 °C (with a cooling/heating rate of 3 °C min−1). The
particle sizes of the prepared STFx powders were similar to
what was shown earlier, and all powders had particles in the
sub-micron range [45].

Gadolinium doped ceria (CGO) substrates, used for the
preparation of the symmetrical cells, were made from a com-
mercial powder (GDC-20 K, DKKK Japan), as presented in
our previous work [41]. The surfaces of the sintered CGO
substrates were ground and polished to obtain a smooth sur-
face and remove any contaminants. After preparation, the pel-
lets had a thickness of approximately 0.5 mm. Before the
deposition of the STFx electrodes, the substrates were cleaned
in acetone in an ultrasound cleaning bath.

Porous STFx electrodes were deposited on both sides of the
polished CGO substrates using screen printing (DEK 65, UK).
For the preparation of the pastes, an ESL403 commercial ve-
hicle system (Electro-Science Laboratories, USA) was mixed
with the prepared STFx powders in a ball mill at a mass ratio
of 60:40. The mixing of the electrode pastes was carried out
with a rotational speed of 200 rpm. The deposited pastes were
slowly dried at 60 °C and at 130 °C. To obtain final electrodes
with different microstructures, the electrodes were sintered in
air at three different temperatures: 800 °C, 900 °C, and
1000 °C in a box furnace (Carbolite RHF1600, UK). Each
dried electrode was heated up to 600 °C (for 1 h with a ramp
of 1.5 °C min−1) in order to fire the binder, and then dwelled
for 2 h at the appropriate temperature, with heating and
cooling ramps of 3 °C min−1. The prepared electrodes had
an active area of 0.4 cm2. For electrical contact, the electrodes
were brush-painted with Pt paste (ESL 5542, Electro-Science
Laboratories, USA), dried, and pre-sintered at 600 °C.

Microstructure and performance analysis

The X-ray diffractometry (XRD) technique was used to deter-
mine the phase composition of the fabricated STFx powders.
Measurements were performed at room temperature in the air
using a Bruker D2 Phaser with an XE-T detector.

The investigation of the linear thermal expansion was car-
ried out using a Netzsch DIL402 dilatometer. The STFx pow-
ders were formed into cylinders and heat up to 1100 °C with a
heating rate of 5 °C min−1, dwelled for 15 min, and then
cooled at a rate of 3 °C min−1. The procedure was carried
out in 21% O2.

A Phenom XL (Thermo Fisher Scientific, the Netherlands)
scanning electron microscope (SEM) was used for imaging of
the polished cross sections of the symmetrical cells. All SEM
images were made using a backscattered electron (BSE) de-
tector with an applied accelerating voltage of 10 kVin a 0.1 Pa
vacuum. The chemical compositions of the investigated elec-
trodes were determined via energy-dispersive X-ray (EDX)
spectroscopy using an integrated analyser (Thermo Fisher
Scientific, 25mm2 Silicon Drift Detector) with an accelerating
voltage of 20 kV.

Electrochemical impedance spectroscopy (EIS) studies
were carried out using a Novocontrol Alpha-A mainframe
with a 4-wire ZG4 interface. In order to study, the impact of
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the sintering temperature on the ASR, the STFx symmetrical
samples were measured in a spring-based compression cell in
flowing air. For electrical contact, gold meshes were used for
contacting the samples. The measurement parameters were
used as described in our previous work [41].

The DRTTools Matlab GUI, available from prof. Ciucci’s
group, was used for the analysis of the distribution of relaxa-
tion times [46, 47].

Results and discussion

Materials characterisation

The phase composition of the powders prepared by the solid-
state reaction method was studied using X-ray diffractometry.
The XRD of the prepared powders showed the formation of

the expected cubic perovskite phase (Pm3m ), in agreement
with the crystallographic database (Inorganic Crystal
Structure Database #18-6710). The inset of Fig. 1a) shows
the change in peak position for powders with different iron
contents. With an increasing Fe content, the peaks shift to-
wards higher 2θ angles, indicating the decrease of the unit cell
size. The ionic radii (for coordination number 6) of Fe3+ was
0.55 Å (in the low spin state), whereas for the Ti4+, it was
0.605 Å.

The general microstructure of an exemplary symmetrical
sample (STF50) is presented in Fig. 1b. The low magnifica-
tion image shows a uniform electrode thickness of ~ 25–
30 μm over the electrolyte surface. On top of the porous elec-
trode, a painted Pt current collector has a thickness of ~
10 μm. The CGO substrate has a thickness of ~ 500 μm,
which varies between 450 and 600 μm for all studied samples.

The sintering and thermal expansion properties of STFx
materials were evaluated by dilatometry. Figure 1c presents
the results of the sintering part of the measurement, whereas
the inset shows the thermal expansion part (after the sintering).
Upon heating, high thermal expansion of the STF70

compound is visible. The sintering behaviour of the samples
is strongly dependent on the iron content. A higher iron con-
tent results in lower onset temperature of sintering and higher
shrinkage during the dwelling stage (at 1100 °C). The
sintering onset temperatures for the STF35 and STF50 were
~ 690 °C and for the STF70 ~ 680 °C. The total shrinkages of
the pellets after the dilatometry study was 17%, 21%, and ~
25% for STF35, STF50, and STF70, respectively.

Thermal expansion coefficients (TEC) were determined
based on the cooling stage of dilatometry. For STF35,
STF50, and STF70, values of ~ 16, ~ 18, and ~
23 × 10−6 K−1 were obtained (in the temperature range
1000 °C–RT), respectively. The addition of iron increases
the TEC considerably (possibly including the contribution of
chemical expansion), which can make practical application of
iron-rich samples troublesome. For example, the TEC of the
CGO substrate is ~ 12–13 × 10−6 K−1 [48]; therefore, large
stresses will be generated between the TEC-dissimilar
materials.

The porosities of the cylindrical samples sintered at
1100 °C were measured by the Archimedes method.
Porosities of 29%, 23%, and 5% were obtained for STF35,
STF50, and STF70, respectively. The dilatometry and poros-
ity measurement results show that increasing the iron content
results in improved sinterability, but also results in an in-
creased TEC.

Electrochemical characterisation

For the evaluation of the electrochemical performance to-
wards the oxygen reduction/oxidation reaction (ORR/OER)
of the STFx materials, electrochemical impedance spectrosco-
py (EIS) measurements were carried out. Samples with sym-
metrical electrodes were prepared on ionic conducting CGO
and were sintered at either 800 °C, 900 °C, or 1000 °C. The
symmetrical electrodes were measured by EIS in the air in the
temperature range of 800 °C to 500 °Cwith 50 °C decrements.
The EIS data were standardised for a specific surface of the
electrodes by using the formulas: Rs = Rohm × A and

Fig. 1 a X-ray diffractometry of the fabricated powders, b SEM images of polished cross sections of an exemplary symmetrical cell with porous
electrodes, and c sintering/thermal expansion curves of STF35, STF50, and STF70
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ASR ¼ Rpol�A
2 , where Rs is the series resistance, Rohm is the

measured ohmic resistance, Rpol is the polarisation resistance,
and A is the area of the electrodes (0.4 cm2).

The electrode responses, given by the ASR values, are
directly comparable and represent the electrochemical perfor-
mance of the electrodes, influenced by the sintering and
physico-chemical material properties. In the case of compari-
son of the Rs values, the values are also influenced by the
CGO thickness, which varies between the samples.

It is worth noting that the Rs and ASR values were stable
during the few hours of measurement, i.e. no degradation nor
activation of the electrodes was noted in the few hours of
isothermal holds.

Figure 2 presents the impedance spectra of the differently
sintered electrodes measured at 700 °C. A similar plot for the
measurement temperature of 800 °C can be found in the
Supplementary materials (Fig. S1). Also, Fig. S2 in the
Supplementary materials provides the impedance spectra of
STFx materials sintered at 800 °C measured at different tem-
peratures (700 °C, 750 °C, and 800 °C). For comparison of the
impedance values, the scaling of the axes is the same. The
values of Rs and ASR depend on the sintering temperature
to different extents, depending on the sample composition.
Clearly, there is a visible effect of the sintering temperature
on the electrochemical performance of the electrodes. Based
on the measured impedance spectra, the values of Rs and ASR
were plotted collectively on an Arrhenius scale. The results
presented in Fig. 3 are as follows: Rs of STF35, STF50, and
STF70 in Fig. 2a–c and ASR in Fig. 3d–f, respectively.

By analysing the Rs values obtained for the three studied
materials as a function of the temperature, differences can be
observed, which are in-line with the impedance spectra shown
in Fig. 2. For STF35 and STF50, increasing the sintering
temperature decreases Rs. This effect is strong for the STF35
sample and still noticeable for the STF50. For STF70, a slight
increase ofRs is observed. These results might be connected to

the electronic conductivity of the materials, and possible cur-
rent restriction at the interface or ohmic resistance of the po-
rous electrodes. STF70 has the highest total conductivity, so
the possible current restriction will be the lowest. A rough
calculation of the ohmic contribution of the porous electrodes
based on the electrical conductivity of CGO results in relative-
ly low Rs values of STFx, i.e. for the least conductive porous
STF35 at 800 °C, the series resistance addition would be only
~ 10 mΩ cm2. For comparison, the ohmic resistance intro-
duced by a 550 μm thick CGO substrate is estimated to be
~ 400 mΩ cm2 (based on the Ce0.8Gd0.2O2-δ conductivity val-
ue of 0.140 S cm−1 at 800 °C [49, 50]). The activation energy
of series resistance for all STFx symmetric samples is ~
0.67 eV, which is in line with values for doped ceria com-
pounds [51].

Interestingly, the ASR values of the STF35 electrode are
practically independent of the sintering temperature and have
values of ~ 70 mΩ cm2 at 800 °C. The same effect was ob-
served in our previous study [41]. For STF50 and STF70, the
ASR values are dependent on the sintering temperature,
reaching the lowest values for electrodes sintered at 800 °C.
Especially for STF70, the increase of the sintering temperature
leads to a large increase of the ASR. For STF50 and STF70
electrodes processed and measured at 800 °C, the ASR values
are ~ 30mΩ cm2 and ~ 22mΩ cm2, respectively. The obtained
values can be considered very low and are comparable with
the best performing mixed conducting oxygen electrodes,
such as LSC, LSCF, and others. The very best reported elec-
trodes outperform the STFx electrodes studied in this work,
but it is still interesting that electrodes with relatively low total
conductivity have such good performance. The activation en-
ergy of polarisation resistance is very similar for all STFx
materials (~ 1.29–1.24 eV) with a small tendency to decrease
with increasing the Fe content.

The polarisation resistances obtained for Co-free cathodes
were summarised by Hashim et al. [52]. The lowest reported

Fig. 2 Impedance spectra of STFx materials sintered at different temperatures (800 °C/900 °C/1000 °C), measured at 700 °C in 21% O2
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polarisat ion resis tance values were obtained for
PrBa0.97Fe2O5 + d and were as low as 0.019Ω cm2. The results
obtained in this work for STFx lie within the range of the best
materials reported. Furthermore, STFx materials can be easily
modified to enhance their electrocatalytic activity, e.g. by par-
tial Co substitution [25].

To further evaluate the influence of the sintering tempera-
ture on the electrode performances, distribution of relaxation
times (DRT) analyses of their spectra were performed. DRT
analysis is a powerful tool to investigate electrochemical pro-
cesses [53–56]. The results of the DRT analysis of the spectra
shown in Fig. 2 are presented in Fig. 4. Additionally, the
results of the DRT analysis of samples sintered at 800 °C
and measured at three different temperatures (700 °C,
750 °C, and 800 °C) are provided in Fig. S3 in the
Supplementary materials. These analyses are mostly used to
support the selection of the proper sintering temperature of the
STFx electrodes and do not fully explain the occurring elec-
trode processes, which will be the aim of our future work.

For all electrodes, increasing the sintering temperature re-
sults in a shift of the characteristic frequencies towards lower
values. To begin with, all spectra show a distinct high frequen-
cy contribution (fHF~1000 Hz). For STF35, it decreases with
increased sintering temperature, also shifting towards lower
frequencies. STF50 shows quite similar behaviour, but to a

smaller extent. For STF70, the contributions do not change
much and have a constant characteristic frequency.

Besides the high frequency contribution, which is well sep-
arated in the DRTspectra, there are at least two lower frequen-
cy contributions that can be analysed. For STF35, the elec-
trode resistance (given the area under the DRT plot) is similar
for all temperatures, with a slightly lower value after sintering
at 1000 °C. The main difference between the low and high
temperature sintered STF35 materials is the medium frequen-
cy contribution (fMF(800 °C)~500 Hz), which has the highest
resistance for the electrode sintered at 800 °C. Nevertheless,
the lower frequency process (fLF(800 °C)~50 Hz) dominates
over the entire spectrum. For STF50 and STF70 electrodes,
the spectra are very similar for all sintering temperatures, but
the magnitude changes. An increase of the sintering tempera-
ture results in decreased electrode performance. All electrode
processes seem to increase their resistance. For STF50, the
dominating contribution is the low frequency process at all
temperatures (fLF(800 °C)~80 Hz, fLF(1000 °C)~20 Hz). STF70
shows different behaviour. For electrode sintered at 800 °C,
the dominating process is the medium frequency process
(fMF(800 °C)~150 Hz), whereas for higher sintering tempera-
t u r e s , t h e l ow f r e q u e n c y p r o c e s s d om i n a t e s
(fMF(1000 °C)~10 Hz). For STF70 electrodes sintered at
900 °C and 1000 °C, an additional contribution at even lower

Fig. 3 Series (a–c) and polarisation (d–f) resistances of the symmetrical STF35, STF50, and STF70 electrodes, respectively, sintered at different
temperatures (800 °C/900 °C/1000 °C) as a function of temperature in 21% O2
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frequencies becomes apparent. As the electrode microstruc-
ture densifies, the porosity becomes lower and the gas diffu-
sion impedance becomes measurable, which agrees well with
the characteristic frequency of 1–4 Hz.

The electrochemical processes occurring at the electrodes/
interfaces, which have been assigned qualitatively to the peaks
from the DRT spectra (based on our previous study and the
specific frequencies/capacitances of the processes) are
summarised as follows:

P1—(~ 1000 Hz) STFx-CGO interface contribution;
P2—(80–200 Hz) potential Gerischer element: oxygen
diffusion in the bulk of the particles;
P3—(10–30 Hz) non-dissociative adsorption/charge
transfer;
P4—(~1 Hz) gas diffusion.

The provided description is only a general overview of the
possible processes. A more detailed discussion, including
studies of the pO2/temperature dependence of the contribu-
tions, will be given in the future. For example, Zhang et al.
[38] recently studied STFx materials and used an equivalent
circuit consisting of two components. Thus further studies are

required to clarify the underlying mechanisms, which are
needed to understand the behaviour of mixed ionic-
electronic conductors.

In general, the oxygen reduction/oxidation performance
increases with increasing iron content. When titanium (Ti4+)
is substituted for iron, it can either have a + 3 or + 4 oxidation
state. The specific ratio of the cations will depend on the
atmosphere and overpotentials. In the case of the formation
of Fe3+, charge compensation occurs by the generation of
electron holes in the valence bands or, predominantly, by the
formation of oxygen vacancies [57]. Either way, both effects
should be positive for the performance of mixed ionic-
electronic conductors. For Fe-rich compositions, the effective
band gap is drastically reduced, the materials become “elec-
tron-rich”, and the resulting availability of electrons for oxy-
gen reduction is much higher. The surface exchange coeffi-
cient for STF70 is orders of magnitude higher than for pure or
slightly Fe-doped SrTiO3 [57–59].

As previously reported by Jung and Tuller [28], based
on a thin film study, STFx (for x between 0.05 and 0.80)
most probably have a common limiting process. The au-
thors describe it as a surface oxygen exchange, occurring at
the surface of the electrode materials. This explanation was

Fig. 4 Exemplary distribution of relaxation times plots of impedance of symmetrical STF35 (a), STF50 (b), and STF70 (c) electrodes measured at
700 °C at 21% O2, as a function of sintering temperature (800 °C/900 °C/1000 °C)

Fig. 5 Post-mortem SEM images of the polished cross section of the
symmetrical cells with the STF35 (a), STF50 (b), and STF70 (c)
porous electrodes sintered at 800 °C. Regions marked by the dashed

squares were analysed by EDS to determine their chemical
compositions (results are included in Table 1)
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further confirmed by subsequent works. Metlenko et al.
[60] have studied the oxygen diffusion and surface ex-
change of STFx materials. They concluded that oxygen
diffusion occurs via vacancy migration and that the oxygen
diffusivity increases continuously as a function of iron
concentration. In addition, the authors support the claim
that the oxygen surface exchange occurs by one single
mechanism for electron-poor and electron-rich materials.
The authors proposed that the energy levels of oxygen
adsorbates at the oxide surface, relative to the energy of
the conduction-band edge, play a key role in the process.

Comparing the performance of the STFx materials studied
in this work with other materials reveals good performance,
especially for the Fe-rich compound. The polarisation level
achieved for this electrode (~ 20 mΩ cm2 at 800 °C, ~
0.41 Ω cm2 at 600 °C) is comparable with the performance
of LSCF (~ 12 mΩ cm2 at 800 °C); see Fig. S4 in
Supplementary materials. State-of-the art LSC electrodes
show initial performance at a level of ~ 100 mΩ cm2 at
600 °C [61, 62], but the results vary greatly. Molin et al. stud-
ied STF35 and STF50 deposited on YSZ and reported ASRpol

values of ~ 120 mΩ cm2 at 800 °C [40]. Zhang et al. have
shown high performance and stability of STF70 electrodes of
30 mΩ cm2 at 800 °C and ~ 0.4 Ω cm2 at 600 °C. Our results,
especially for STF70 sintered at 800 °C, thus show very high
performance.

Based on the literature findings, it would be interesting to
study whether it is possible to further improve the perfor-
mance of STFx, e.g. by the introduction of surface catalysts
(either primarily electronic/ionic, or mixed conducting), for
example by an infiltration technique (and to what extent)
[63, 64]. This work establishes the selection of sintering con-
ditions and baseline measurements for future work, including
infiltration and chemical modification of the compositions.

Microstructure analysis

Post-mortem SEM images of the porous STF35/50/70 elec-
trodes sintered at 800 °C are presented in Fig. 5. Amicrostruc-
ture comparison of the STFx samples sintered at 800 °C,
900 °C, and 1000 °C is provided in Fig. S5 in the
Supplementary materials. For each of the electrodes, the
chemical composition was analysed using EDS analysis of
the centre part of the electrodes (regions marked by dashed
squares). The EDX results are presented in Table 1 and are in
good agreement with the desired stoichiometries.

As can be seen in Fig. 6, the electrodes have uniform thick-
nesses between 20 and 30μm.No cracks or other defects were
detected. The morphology of the electrodes is similar: small
grains of the synthesised STFx materials result in small pores
and a large surface area available for the electrochemical re-
action. The prepared Pt contact layer has a thickness of ~ 5–
10 μm and serves the role of the current collector. The use of
the current collector is required due to the relatively low elec-
tronic conductivity of STF35, for which the results have been
observed to depend on the contact area of the current collector,
indicating current constriction effects. For 20–30 μm thick
STFx electrodes, the catalytic activity of the Pt contact layer
is negligible; it only serves as a metallic-conducting contact
layer.

For the STF50 sample sintered at 800 °C, a linear scan
elemental analysis was performed across the Pt/porous elec-
trode/CGO substrate layers. Line scan results, including Pt, Sr,
Ti, Fe, Ce, and Gd, are shown in Fig. 6. The strontium profile
shows a small but noticeable gradient, with less strontium at

Table 1 EDX results for the STF35, STF50, and STF70 cathodes
sintered at 800 °C expressed at percentage of atomic mass

Sr/% Ti/% Fe/% O/% Ti: Fe Sr: (Ti + Fe)

Area STF35 17.7 11.7 6.2 64.4 1.89 0.99

Area STF50 18.7 9.6 9.2 62.5 1.04 0.99

Area STF70 18.8 5.9 13.3 62.1 0.44 0.98

Point 1 15.1 7.1 6.9 71 1.02 1.08

Point 2 16.5 8.5 8.3 66.7 1.03 0.99

STF35 powder 17.1 11.7 5.7 65.5 2.05 0.98

STF50 powder 17.3 9.6 8.1 64.9 1.19 0.98

STF70 powder 14.9 5.1 11.1 68.9 0.46 0.92

Fig. 6 SEM images of polished cross section of the porous STF50 electrode (a) investigated by EDS analysis: line (b), point and mapping (c)
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the CGO/STF50 interface and more at the Pt/STF50 interface.
Titanium is distributed uniformly throughout the thickness of
the porous electrode; however, at the CGO/STF50 interface, a
marked increase of Ti content is detected. The profile of iron
shows an opposite trend to strontium; the amount of Fe in-
creases towards the CGO/STF50 interface. Even though the
processing and measurement temperature did not exceed a
relatively low temperature of 800 °C, there is some visible
cation diffusion already causing visible differences in the
chemical composition.

Throughout the electrode material, some elongated parti-
cles can be seen, especially in the STF50 and STF70 samples.
These platelet/rod-like particles were analysed by SEM/EDS
in more detail, as presented in Fig. 6c and Fig. S6 in the
Supplementary materials. The surrounding regular particles
have very small particle sizes, well below 1 μm, whereas the
length of this particular elongated particle reaches 10 μm. The
chemical composition of the particles was analysed by EDS.
Elemental maps (Fig. 6c) did not reveal any noticeable chem-
ical composition difference, confirmed further by point anal-
yses (points 1 and 2 in Fig. 6c), shown in Table 1. A slight
increase in Sr in relation to Ti/Fe is the only difference be-
tween the particles, but it is possible that this deviation is
rather small. The presence of these particles might originate
from the mechanical milling step. They were not detected in
the as-synthesised powders. Reports exist of STFx powder
synthesis by mechanical alloying methods, suggesting their
potential for reactions/deformation under mechanical loads.
Nonetheless, due to the similar chemical composition, the
elongated particles are not supposed to be harmful for the
electrode performance.

Conclusions

Three different compositions of SrTi1-xFexO3-δ (x = 0.35, 0.5,
0.7) were fabricated by solid-state reaction method and were
analysed for their electrochemical performance depending on
the sintering temperature. EIS measurements were analysed in
terms of series (ohmic) and polarisation (ASR) contributions.
For the three studied electrodes, the lowest ASR values were
obtained for STF35 sintered at 1000 °C and for STF50 and
STF70 when sintered at only 800 °C. The results show that
iron has a strong effect on the electrode performance: the iron-
rich sample showed high sinter-activity and low ASR ~
20 mΩ cm2 at 800 °C (obtained only for the electrode sintered
at 800 °C). DRT analysis of the processes showed that STF70
differs from STF35 and STF50 in terms of the low frequency
contribution, attributed to the adsorption of oxygen on the
catalyst surface.

This work establishes the optimised sintering conditions of
the studied powders. The studies will be further extended with

a detailed EIS-DRT analysis, and the effects of surface mod-
ifications on the performance will be studied.
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