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Reduction-stable mixed ionic and electronic conductors such as Sr(Ti,Fe)O3-δ (STF) are promising materials for application in anodes
of solid oxide fuel cells. The defect chemistry of STF and its properties as solid oxide fuel cell (SOFC) cathode have been studied
thoroughly, while mechanistic investigations of its electrochemical properties as SOFC anode material are still scarce. In this study,
thin film model electrodes of STF with 30% and 70% Fe content were investigated in H2+H2O atmosphere by electrochemical
impedance spectroscopy. Lithographically patterned thin film Pt current collectors were applied on top or beneath the STF thin
films to compensate for the low electronic conductivity under reducing conditions. Oxygen exchange resistances, electronic and
ionic conductivities and chemical capacitances were quantified and discussed in a defect chemical model. Increasing Fe content
increases the electro-catalytic activity of the STF surface as well as the electronic and ionic conductivity. Current collectors on
top also increase the electrochemical activity due to a highly active Pt-atmosphere-STF triple phase boundary. Furthermore, the
electrochemical activity depends decisively on the H2:H2O mixing ratio and the polarization. Fe0 nanoparticles may evolve on the
surface in hydrogen rich atmospheres and increase the hydrogen adsorption rate.
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Acceptor-doped mixed ionic and electronic conductors are a
promising class of materials for application in solid oxide fuel cell
(SOFC) electrodes and they are widely investigated as SOFC cathodes
due to their low polarization resistance.1–3 Some of these materials are
chemically stable and mixed conducting also in humidified hydrogen
atmosphere,4 which makes them applicable in SOFC anodes. Sev-
eral mixed conductors, such as acceptor doped (La,Sr)(Cr,Mn)O3,5–8

donor-doped SrTiO3
9,10 and Sr(Ti,Fe)O3-δ-Ce0.9Gd0.1O2-δ (STF-GDC)

composites11 were investigated in form of porous SOFC anodes. Most
of these studies revealed moderately low polarization resistances. In
STF-GDC composites, for example, the anode polarization resistance
was <0.2 � cm2 at 800◦C, and the overall performance increased with
increasing Fe content. However, the usually ill-defined geometry of
porous electrodes makes the analysis of specific materials parameters
such as electronic and ionic conductivity or oxygen exchange activity
very challenging.

Thin film model electrodes have well defined and controllable
geometry and comparatively simple pathways of electron and oxy-
gen ion migration. This strongly facilitates identification of reaction
pathways and quantification of the oxygen exchange activity of the
material’s surface.12–18 Mechanistic studies using thin film model elec-
trodes have so far been performed mainly in oxidizing atmosphere.
Thorough studies of the mechanisms of electrochemical oxygen ex-
change in reducing atmospheres are still largely missing, not only
for STF, but for most reduction stable mixed conductors, except for
(Gd or Sm) doped ceria19–24 and a study on (La,Sr)FeO3-δ.

25 The typi-
cally low electronic conductivity of acceptor doped oxides in reducing
atmosphere requires current collectors added to the thin film elec-
trodes. Recently, a special electrode and current collector geometry
was thus developed for investigating such weakly electron conducting
materials.4 Fitting of the impedance spectra to a proper equivalent
circuit model enabled separation of resistive contributions from the
surface reaction and in-plane charge transport. The circuit model pro-
poses that electrochemically driven oxygen exchange is only possible
within a characteristic distance (LC) from the current collectors and
indeed this could be visualized by 18O isotope exchange.26

In this study, the electrochemical properties of thin film electrodes
of STF with an Fe content of 30% and 70% were investigated in
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H2+H2O atmosphere. STF is a well suited model material because of
its high thermo-chemical stability and the good knowledge of its elec-
trochemical properties in oxidizing atmospheres.17,27–32 Lithograph-
ically patterned Pt current collectors were applied beneath the STF
thin films to compensate the comparatively low electronic conduc-
tivity in reducing conditions.4,32 Pt current collectors on top were
tested as well and a high electro-catalytic activity was observed at
the Pt-STF-atmosphere triple phase boundary. Also increased elec-
tronic and ionic conductivity and decreased polarization resistance
were found on electrodes with higher Fe content. This trend is in line
with various studies investigating STF-based SOFC cathodes. More-
over, atmosphere and DC bias were varied to trigger the exsolution of
Fe0 particles, which may catalyze the surface reaction.33,34

Experimental

Thin film electrodes of SrTi0.3Fe0.7O3-δ (STF37) and
SrTi0.7Fe0.3O3-δ (STF73) were prepared by pulsed laser deposi-
tion (PLD) using a KrF excimer laser (Lambda COMPexPro 201F,
248 nm wavelength). Deposition was performed at 650◦C substrate
temperature with the laser operating at 400 mJ, 5 Hz for 30 minutes,
resulting in a final film thickness of approx. 120 nm for STF37 and
170 nm for STF73. Either [100] oriented 9.5 mol% Y2O3 doped
zirconia (YSZ) single crystals or [100] oriented MgO single crystals
were used as substrates. The target powders were prepared via solid
state reaction of appropriately weighed SrCO3, Fe2O3 and TiO2

powders and the pressed targets were sintered in air at 1400◦C.
Micro-patterned current collectors, consisting of 75 nm sputtered

Pt and ∼5 nm Ti adhesion layer, were either deposited on top of the
STF film or embedded between substrate and STF and structured by
photolithographic methods. Ar ion beam milling was used to structure
the embedded current collectors and STF layer, and lift-off processing
was used for structuring the top current collector, to avoid sputtering
damage on the STF surface. Visible in the scanning electron mi-
croscopy (SEM) images in Figure 1d the edges of the top current
collector are bent upwards as an artefact from the unidirectional sput-
ter deposition of Pt. This artefact only occurs for the lift-off technique.
The various resulting sample geometries are summarized in Figure 1.

Samples with microelectrodes.—Microelectrodes were fabricated
by photolithographic micro-structuring from STF thin films with
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Figure 1. Types of investigated samples: (a) Microelectrode on YSZ, with current collectors in electrochemical contacting mode. (b) Continuous STF thin film
on MgO with embedded current collectors for in-plane conductivity measurements. (c) Symmetrical 5 × 5 mm2 cell with macroscopic electrodes and embedded
current collector grid used for temperature-dependent measurements. (d) Sketch and SEM images of thin films with top and embedded current collectors. (e)
Micrograph of microelectrodes with the nine investigated current collector geometries.

current collectors, deposited on polished 10∗10∗0.5 mm3 YSZ sub-
strates. A 30 mm2 large electrode of the same STF film with current
collectors was used as counter electrode. Owing to its much larger size
it did not affect the measured impedance spectra. Each microelectrode
contains two current collectors, as shown in Figure 1a. In the elec-
trochemical contacting mode the entire microelectrode is polarized
against the larger counter electrode. Equivalent circuit models for
such microelectrodes were derived in Ref. 4. The width and distance
between the current collecting fingers were both varied between 5, 15
and 30 μm, resulting in the 9 different current collector geometries
shown in Figure 1e. Microelectrodes of all 9 geometries were inves-
tigated in an asymmetrically heated, gastight micro-contact measure-
ment chamber using gold-plated steel contact tips. A ceramic heating
stage (Linkam TMS 1000) was employed to heat the samples up to
∼650◦C sample temperature in humidified Ar-H2 (Alphagaz Arcal
10), containing 25 mbar H2 and ca. 18 mbar H2O. Furthermore, such
samples were characterized in a tube furnace micro contact setup with
precisely controlled, homogeneous temperature35 in varying H2:H2O
mixing ratio.

STF thin films on MgO substrates.—STF thin films on MgO sub-
strates were used for in-plane conductictivity measurements and fab-
ricated similarly to the samples with microelectrodes and embedded
current collectors, only structuring of the STF layer was omitted, be-
cause the in-plane current is anyway restricted to the region between
the current collecting fingers sketched in Figure 1b. These sampes
were characterized by impedance spectroscopy in a homogeneously
heated tube furnace setup at 650◦C under varying H2:H2O mixing
ratio. An optimized contacting stage with two moveable contact tips
was used to contact both interdigitating current collectors.

Symmetrical samples with ‘macroscopic’ electrodes.—Symmet-
rical samples with ‘macroscopic’ electrodes were prepared by depo-
sition of STF electrodes with embedded current collectors on both
sides of YSZ substrates, as sketched in Figure 1c. Sample dimensions
were 5 × 5 × 0.5 mm3 and the current collector was fabricated as a
fine structured grid (4 μm stripes, 11 × 11 μm2 open space). Also
these samples were measured in a homogeneously heated tube furnace
setup in a temperature range of 350–800◦C, using humidified Ar-H2

mixture (25 mbar H2, 25 mbar H2O).

All impedance measurements were performed with a Novocontrol
Alpha-A impedance analyzer at 10 mV RMS.

Thermogravimetric analysis (TGA).—The oxygen non-
stoichiometry of STF37 sample was determined at 650◦C by
thermogravimetric analysis (TGA). The powder for TGA was
produced by the same solid state reaction as the PLD targets, except
for a lower firing temperature of 1200◦C for 1 h in air to avoid
excessive sintering. A highly sensitive thermogravimetric equipment
consisting of a symmetrical thermobalance based on a Cahn 1000
electrobalance coupled to a ZrO2-based oxygen pump and sensor
system36 was used, which allows determination of sample mass
changes within ±10 μg with 0.6 g of STF37 powder. The oxygen
partial pressure (pO2) was varied between 10−25 and 1 bar by using
O2-Ar and H2-H2O mixtures. For quantification of the oxygen
content, the plateau in the isotherm of mass vs pO2 was used. This
plateau corresponds to full Fe3+ formation, meaning 3-δ = 2.65 for
70% Fe doped STF, and it is a common feature of Fe containing
perovskites.37,38

Results and Discussion

In-plane conductivity of STF.—The electronic and ionic in-plane
conductivity of STF37 and STF73 thin films on insulating magnesia
substrates was investigated by impedance spectroscopy, using the in-
terdigitating embedded current collectors sketched in Figure 1b. The
impedance spectra were measured at 650◦C in different H2:H2O mix-
tures, corresponding to a pO2 range of about 10−21 to 10−25 bar. A
typical spectrum recorded on STF37 is shown in Figure 2 (circles).
It consists of the onset of a distorted high frequency arc (not consid-
ered in the fit), and a well separated low frequency feature. The latter
deviates from an ideal semicircle, partly resembling a 45◦ Warburg
type impedance, indicative of a diffusive process. Hence, two real axis
intercepts are found, one at higher frequencies (denoted AC resistance
RAC) and one at low frequencies (DC resistance RDC).

Additional variation of the finger distance (between 5 and 30 μm)
revealed a linear increase of the measured AC and DC resistances
with finger distance. This shows that in-plane conduction processes in
the STF film are predominant while surface exchange processes have
a negligible impact. In such a case, the high frequency axis intercept
corresponds to the total conductivity, while the DC resistance reflects
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Figure 2. (a) Transmission line equivalent circuit used to fit the in-plane
measurements on MgO substrates. (b) Impedance spectrum (circles) and fit
(solid line) of an in-plane measurement of STF37 at 650◦C.

the electronic conductivity only, due to the ion blocking electrodes.
This very simple first analysis, also sketched in Figure 2b, yields
essentially the same conductivity values as fitting to the impedance
model discussed in the following. Fitting the data to the circuit model
shown in Figure 2a helps validating the interpretation by also con-
sidering the shape of the low frequency arc and furthermore reveals
information on capacitances.

This circuit model for a mixed conducting film on an insulating
substrate consists of a transmission line with an ionic (ion) and an
electronic (eon) rail, which are coupled via chemical capacitors. This
circuit model and its analytic impedance function were derived in Ref.
23, with electronic and ionic terminal impedances still to be specified.
Electrons can be reversibly exchanged between STF and current col-
lector, which is treated by a short circuit. Oxygen ions, on the other
hand, cannot be exchanged at the current collector interface. The typ-
ical treatment of an (ion) blocking electrode would be a capacitor in
the ionic rail. However, in our specific case the current collectors are
in parallel to the thin film plane. Hence also in-plane migration of
oxygen ions on top of the current collector may take place. This is
modelled by an open Warburg impedance as terminating element with
the impedance function

Z T
ion = Rion∗

coth
(w f inger

2

√
iωCchem Rion

)
√

iωCchem Rion
. [1]

Rion is the ionic sheet resistance (resistivity divided by film
thickness), Cchem the area-specific chemical capacitance and wfinger

the width of the current collecting finger. Although the analytical
impedance function of the circuit model in Figure 2a with ZT

ion from
Eq. 1 is rather complex,23 it includes only three fit parameters (ionic
and electronic conductivity, and chemical capacitance), provided the
in-plane ionic conductivity and chemical capacitance of the thin film is
assumed independent of the substrate (current collector or MgO). Fit-
ting of the in-plane impedance spectra to this equivalent circuit model
(performed by minimizing the sum of squared relative errors using

Figure 3. Fit results of the in-plane impedance spectra sketched in Figure 2:
Electronic conductivity (a), ionic conductivity (b) and chemical capacitance
(c) of STF37 and STF73 at 650◦C in varying H2:H2O mixing ratio, plotted as
a function of pO2.

Mathematica) yielded the conductivities and capacitances shown in
Figure 3 with very small fitting errors.

The results are discussed in terms of the following point defect
model for STF:30,32,38 Electronic and ionic conductivity as well as
chemical capacitance are governed by the concentrations and mo-
bilities of oxygen vacancies (V ··

O ) and electronic defects. The latter
correspond to different oxidation states of Fe, namely Fe2+(Fe

′′
T i ) and

Fe3+(Fe′
T i ). The concentration of electron holes (formally Fe4+ =

Fe×
T i ) is negligible in reducing atmospheres. The results presented

here, as well as XPS34 and thermogravimetric measurements38 sup-
port the treatment of electronic defect states as localized point defects,
rather than as electrons in a conduction band.

In the low pO2 regime, Fe in STF is mainly present as Fe3+,
and the defect charge is largely compensated by oxygen vacan-
cies, making them the majority charge carrier with a concentration
[V ··

O ] ≈ 0.5[FeT i ]. In this defect regime, the concentration of ‘elec-
trons’ [Fe

′′
T i ] as the minority charge carrier should have a simple

dependence on pO2 according to[
Fe

′′
T i

]
∼ pO

− 1
4

2 . [2]

Most likely, a Fe
′′
T i polaron hopping mechanism causes the elec-

tron conductivity (σeon). Hence, also the electronic conductivity, which
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is expected to be proportional to the Fe
′′
T i concentration should exhibit

a pO2
−0.25 dependence. Moreover, the chemical capacitance per cm3

is expected to be proportional to [Fe
′′
T i ] via the relation39

Cchem = e2

kbT

[
Fe

′′
T i

]
, [3]

where e is the elementary charge and kb Boltzmann’s constant. The
atmospheric oxygen partial pressure (pO2) can be varied via variation
of the H2:H2O mixing ratio and calculated by the mass action law

H2 + 1

2
O2 ⇀↽ H2 O, pO2 =

(
pH2 O

pH2

)2

e− �r G0
kb T . [4]

Here, �r G0 is the Gibbs free energy of hydrogen oxidation at
standard pressure.40 Already here we note that the effective pO2 in the
electrode bulk can also be varied by application of an overpotential.
According to Nernst’s equation we get for surface limited oxygen
exchange kinetics

pOef f
2 = pO2e

4eη
kb T , [5]

The overpotential η of the electrode is calculated from the applied
potential by subtracting resistive losses within the electrolyte. Due
to the microelectrode arrangement, overpotential losses in the much
larger counter electrode are negligible. In line with the presented
defect chemical model, the measured ionic conductivity plotted in
Figure 3b is (within experimental error) independent of pO2, and for
STF37 it even exceeds the conductivity of the single crystalline 9.5
mol% Y2O3 doped YSZ substrates used in this study (0.022 vs 0.009
Scm−1 at 650◦C). Oxygen vacancy diffusivities can be calculated by
the relation DVO = σionkbT/(4e2cV O ), with the vacancy concentra-
tion cV O being one half of the Fe concentration. We find 1.8∗10−7

cm2/s and 4.8∗10−7 cm2/s for STF73 and STF37, respectively. These
values are lower than those typically reported for only slightly doped
SrTiO3

43 (between 2∗10−6 and 9∗10−6 cm2/s at 650◦C). This is most
probably due to defect interaction which lowers the mobility with
increasing defect concentration. However, DVO is close to the values
found in other good oxide ion conductors with high vacancy concen-
tration, such as the YSZ substrates used here (5.5∗10−7 cm2/s), or
20% Gd-doped ceria42 (1.3∗10−6 cm2/s). The measured increase of
the vacancy mobility with higher Fe concentration might be surpris-
ing at first sight; in highly doped zirconia or ceria, for example, the
vacancy mobility decreases with increasing doping concentration.41,42

This effect of high Fe concentration in STF is most likely caused by
the dependence of the migration barriers of a vacancy jump on the
specific nearest neighbor cation configuration, with Fe presumably
lowering this barrier.

Figure 3a shows the electronic conductivity for STF37. The in-
crease of conductivity for lower pO2 is in agreement with the defect
model discussed above, but the slopes are slightly flatter than ex-
pected from the model: σeon ∼ pO −0.22

2 is found for STF37 and
σeon ∼ pO −0.17

2 for STF73. These differences may be caused by
defect-defect interactions. The total conductivity of the measurements
presented here (including the slightly flatter slopes) also matches the
(total) conductivity vs. pO2 curves of sintered STF32 pellets with simi-
lar Fe content, when the slightly different temperature (750 vs 650◦C)
is accounted for.

Also the chemical capacitance (Figure 3c) qualitatively follows the
defect chemical model. However, the fitting values may be not very
accurate, especially when the ionic transference number is small and
thus the “arc” in the impedance spectrum is very small compared to
the high frequency intercept (RAC). A more reliable measurement of
the chemical capacitance by fitting impedance spectra in the electro-
chemical mode is therefore given in section Oxygen partial pressure
dependence of Fe oxidation states.

Effect of the current collector placement.—The area-specific re-
sistance (ASR) of the surface reaction was investigated on STF37
microelectrodes with current collectors either on top or beneath the

Figure 4. Impedance spectra of STF37 microelectrodes measured at 650◦C in
the electrochemical mode with current collectors either embedded or on top in
pH2 = 25 mbar and pH2O = 18 mbar, normalized to the atmoesphere-exposed
STF surface area.

STF thin film, see sketches in Figures 1a, 1d. Exemplary electro-
chemical impedance spectra of STF37, measured at 650◦C in pH2 =
25 mbar and pH2O = 18 mbar, are given in Figure 4. The difference
in the high frequency offset in Figure 4 is caused by normalization to
different electrochemically active areas. Circuit models elaborated in
Ref. 4 for different current collector positions may explain the slightly
different shape of the two impedance spectra due to different ion con-
duction paths. The following measurements, however, show that also
the mechanism of oxygen exchange depends on the placement of the
current collector.

When the current collector is placed on top of the electrodes, a
part of the STF film is covered by Pt. Mapping of 18O exchange on
similar electrodes revealed that the Pt film is not permeable for oxygen
and therefore reduces the electrochemically active area of the STF
electrode.26 At the triple phase boundary (TPB), however, the oxygen
exchange is catalyzed by the platinum,42,44 causing the much smaller
electrode arc with Pt on top. The contributions of the STF surface and
the TPB can be separated by measuring electrodes of all 9 geometries
shown in Figure 1e. The area-specific resistances of the electrodes
were determined by fitting the dominant low frequency arc of the
impedance spectra with a resistor (Rpol) in parallel to a constant phase
element due to the chemical capacitance (CPEchem) and normalizing
the resistance to the atmosphere-exposed STF area. The TPB density
was calculated by dividing the circumference of the current collectors
(given from the photomask) by the atmosphere-exposed STF area.
Although electronic and ionic charge transport may have a significant
impact on the impedance of STF thin film electrodes,4 we can show
that Rpol measured on the electrodes investigated here is mainly caused
by the surface reaction (see below).

When plotting the inverse of this resistance against the TPB density
of the electrode, the contributions from different reaction paths (STF
surface vs TPB) can be separated by a simple linear regression, see
Figure 5. The effect of the TPB density on the electrochemical activity
of the surface is very pronounced and a length-specific activity of
0.00014 S/cm or 7000 �cm can be estimated. For comparison, Ni-
YSZ anodes typically exhibit 10–100 times lower TPB activity45 at
the same temperature.

Recently, isotope exchange46 on thin film electrodes and elec-
trochemical measurements on porous47 electrodes showed that the
hydrogen oxidation rate on various oxide anodes, including STF37,
is limited by hydrogen adsorption. The adsorption limitation is espe-
cially important for the conditions used in the present measurements
– temperatures below 800◦C and relatively low pH2. It was further
shown in Ref. 47 that a catalytic metal on the oxide surface promotes
hydrogen dissociative adsorption, with subsequent “spillover” of H
atoms from the metal onto the oxide surface. A spillover mechanism
can also explain why the 5 nm Ti adhesion layer does not strongly
impede the TPB effect. Note that the hydrogen oxidation process at
Ni-YSZ TPBs is often modeled using a similar mechanisms with
hydrogen spillover from Ni onto YSZ.48 Superior H2 dissociation ki-
netics of Pt and/or a larger active zone for electrochemical reduction of
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Figure 5. Inverse ASR of STF37 microelectrodes as function of the triple
phase boundary (TPB) density (normalized to the atmosphere-exposed STF
surface) measured in electrochemical mode at 650◦C in pH2 = 25 mbar and
pH2O = 18 mbar. ASR values were gained by normalizing Rpol to the active
surface area. The gray bar on the bottom represents the typical range of in-
verse ASR measured on electrodes with differently shaped embedded current
collectors and thus without TPB.

spillover species can explain the much higher performance of Pt/STF
compared to Ni/YSZ TPBs.

On samples with embedded current collectors of different geome-
tries, i.e. electrodes which do not have atmosphere-exposed platinum,
the inverse ASR of the two-phase surface reaction is 0.026 ± 0.012
Scm−2 (39 ± 20 �cm2). Significant variance of the area-specific resis-
tance even on geometrically identical electrodes on the same substrate
causes a comparatively large standard deviation. Statistical errors may
be also the reason why the linear fit in Figure 5 does not exactly meet
the inverse ASR of STF electrodes with embedded current collectors
at zero TPB density.

For embedded current collectors a further data analysis is possible.
As elaborated in Ref. 4, the ASR and the in-plane conductivity shown
in Figure 3 can be used to calculate the characteristic in-plane charge
transport length Lc

Lc = √
dST Fσ ∗ AS Rsur f ace , [6]

where dSTF is the thickness of the STF film, and σ is either the elec-
tronic (for electronic in-plane charge transport in STF on YSZ), or
the ionic (for in-plane ionic charge transport in STF on top of the
current collectors). When either the distance or width of the current
collectors is larger than Lc, the electrode is not homogeneously active
for electrochemical oxygen exchange and the ASR increases, due to
limiting in-plane conductivity. Using the conductivity and ASRsurface

observed in a 1:1 H2:H2O mixture for STF37, this length is 25 ± 10
μm for ions and 45 ± 10 μm for electrons. Therefore, in-plane charge
transport losses play only a minor role in our study. On electrode
geometries with the largest current collector separation and width of
30 μm, in-plane losses may contribute significantly to the total polar-
ization resistance, but the abovementioned strong ASR scatter even
on geometrically identical electrodes prevails a clear identification or
disproof of this effect.

Temperature dependence of the oxygen exchange kinetics.—The
temperature dependence of the area-specific resistance of the surface
reaction was investigated in more detail using symmetrical model
cells with “macroscopic” 5 × 5 mm2 model electrodes, as sketched

Figure 6. (a) Impedance spectra recorded at 800◦C on macroscopic symmet-
rical cells with 30 and 70% Fe doped STF electrodes in 25 mbar H2 + 25 mbar
H2O. (b) Typical time dependence of the ASR of STF37. (c) Arrhenius plot of
the ASR for such measurements.

Figure 1c. A TPB-free, embedded current collector grid with small
feature size (11 × 11 μm2 holes and 4 μm stripes) was used to ensure
homogeneous polarization of the entire STF film and negligible in-
plane charge transport resistances due to the small in-plane length
scales. Hence, the diameter of the electrode arc seen in Figure 6a is a
measure for the ASR, which is relatively stable over time, as shown in
Figure 6b. Temperature dependent measurements in 25 mbar H2 + 25
mbar H2O therefore deliver reliable values for the activation energy of
the ASR. At 800◦C the ASR of STF37 is roughly half as large as for
STF73, see Figure 6a. The better performance for higher Fe content is
in line with studies using STF as a cathode material17 and studies using
porous STF-GDC composite anodes.11 Activation energies extracted
from the Arrhenius plots in Figure 6c are below 1 eV in both cases
(0.82 eV on STF73 and 0.92 eV on STF37). Such values are in the
range of other mixed conducting hydrogen electrode materials, such
as ceria,49,50 but they are very low, compared to the activation energy
of O2 reduction reaction on STF (nearly 2 eV17). This difference
highlights the mechanistic difference between oxidizing and reducing
oxygen exchange.

These results can be compared with recent data from SOFCs with
porous STF37 anodes.47 Although an ASR activation energy was not
provided in Ref.47, the temperature dependence of the ASR values
suggests a similar activation energy. The main porous STF37 anode
response appears at a few Hz, similar to the value shown here. Finally,
the ASR due to oxygen surface exchange at 750◦C in Figure 6c, 9
�cm2, can be compared with the ASR of 0.85 � cm2 measured under
the conditions in Ref.47 closest to the present conditions – 750◦C,
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Figure 7. (a) Chemical capacitance and calculated polaron concentration, calculated from electrochemical impedance spectra of STF37 and STF73 at 650◦C
for different oxygen partial pressures. Cchem is linked to [Fe2+] (r.h.s axis) via Eq. 3. Dashed and solid lines result from fitting of TGA data. (b) TGA analysis
and fitting of STF37 powder at 650◦C. (c) Area specific resistance of STF37 as a function of the atmospheric pO2. (d) DC characteristics of STF37 measured in
hydrogen-rich atmosphere (pH2:pH2O = 12:1) at 650◦C.

100 mbar H2, and 30 mbar H2O. From the electrochemical data of the
thin film, the ASR of a porous electrode can be calculated by using
a transmission line circuit model51 and microstructural data from 3D
tomography:47

AS R =
√

Rsur f

σion,e f f a
coth

(
L
√

a

σion,e f f Rsur f

)
[7]

In Eq. 7 Rsurf is the surface-specific oxygen exchange resistance
(9 �cm2 according to our thin film measurements), L is the electrode
thickness (9 μm), a is the anode surface area (1.6 μm−1), and σion,eff

the STF effective ionic conductivity (the conductivity given in Figure
3, 0.022 S/cm, times the anode solid fraction, 0.77, and divided by
the solid-phase tortuosity, 1.1). The resulting ASR value of 0.64 �
cm2 is in fair agreement with the porous electrode value in Ref. 47.
Although there is significant uncertainty in estimating the effective
ionic conductivity of the porous electrode, due to different temperature
and microstructure of electrodes in the two types of experiment, this
only has minimal impact on the projected ASR, which is mainly
caused by the surface reaction (ASR ≈ Rsurf/aL).

Oxygen partial pressure dependence of Fe oxidation states.—
Further insight into the defect chemistry and thermo-chemical sta-
bility of STF was gained from impedance measurements on STF
microelectrodes as sketched in Figure 1a. Changing the H2:H2O mix-
ing ratio at constant total pressure (pH2 + pH2O = 25 mbar) resulted
in an atmospheric oxygen partial pressure range of 10−21 to 10−25

bar at 650◦C. Electrochemical impedance spectra were measured on
microelectrodes with a current collector separation of 15 μm (for
experiment geometry see Figure 1a) and fitted to the simplified equiv-
alent circuit in Figure 5. The chemical capacitance determined from
this fit is plotted in Figure 7a. Chemical capacitance and polaron
concentration [Fe2+] on the left and right Y-axes are linked by Eq. 3.

Also thermogravimetric analysis (TGA) can be used to determine a
polaron concentration. Thermogravimetric analysis (TGA) of STF37

powder was performed at 650◦C. The measured data are shown in
Fig. 7b and fitted to the defect chemical model for an acceptor-doped
mixed conductor from Ref. 37. The resulting polaron concentration is
shon in Fig. 7a (dashed line). Moreover, values determined from TGA
literature data for 35% Fe-doped STF38 are shown (solid line). Even
though differences between Fe2+ concentrations of STF37 and STF73
are somewhat larger for TGA data, there is good agreement of the
absolute values as well as of the pO2 dependence of thin film chemical
capacitance and thermogravimetric data. The moderate mismatch of
TGA and impedance-derived nonstoichiometry may be caused by
the methodology, but can also originate from the higher density of
interfaces in the polycrystalline thin films. We conclude that both
methods deliver reliable information on the types and concentrations
of electronic and ionic defects.

The mobility of a charge carrier x (μx) can be calculated from
the conductivity (σx) and concentration (cx) of the charge carrier via
σx = zx eμx cx . The data plotted in Figure 3a and Figure 7a there-
fore allows the estimation of the electron mobility. We obtain μeon ≈
6 ∗ 10−4cm2V −1s−1 for STF73 and μeon ≈ 1.4 ∗ 10−3cm2V −1s−1 for
STF37 at 650◦C. These values are only two orders of magnitude larger
than the oxygen vacancy mobility at 650◦C, calculated from Fig. 3b
and [V ··

O ] ≈ 0.5[FeT i ] (μion ≈ 4.6 ∗ 10−6cm2V −1s−1 for STF73 and
μion ≈ 1.2 ∗ 10−5cm2V −1s−1 for STF37). The rather low mobility of
electronic defects supports the model that those are localized to Fe2+

ions; this was already suggested by ambient pressure XPS.34 Most
likely, electron transport in STF is similar to the thoroughly investi-
gated Ce3+ polaron conduction in ceria, where polaron mobilities are
almost the same as for STF.52–54

The redox activity of iron also plays an important role for explain-
ing the pO2 dependence of the surface ASR and the DC characteristics
of STF37 electrodes shown in Figures 7c–7d. In a previous ambient-
pressure XPS study, the exsolution of Fe0 on the surface of STF73
and La0.6Sr0.4FeO3-δ electrodes was observed during cathodic polar-
ization in 1:1 H2:H2O atmosphere.34 This Fe0 formation was accom-
panied by strongly increased electrochemical water splitting kinetics.
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Figure 8. SEM images of STF37 and STF73 before and after reduction at
650◦C and 800◦C for 5h in 25 mbar H2+0.8 mbar H2O.

Improvement of the hydrogen electrode performance by exsolution
of easily reducible transition metals was also demonstrated on vari-
ous (La,Sr)TiO3 based materials,9,55,56 (La,Sr)FeO3-δ,33 (La,Sr)CrO3-δ

based materials,57–60 and rare earth vanadates.61 Decreased anode po-
larization resistance in cells with (La,Sr)(Cr,Ru)O3-δ anodes was quan-
titatively modelled by enhanced hydrogen dissociative adsorption at
exsolved Ru nanoparticles.47

Here, the extent and electrochemical implications of Fe exsolution
from STF were further investigated. STF thin films on YSZ were
reduced at 650◦C or 800◦C for 5 hours in 25 mbar H2 + 0.6 mbar H2O,
which is sufficiently reducing for metallic Fe to be stable compared
to Fe oxide.40 As shown by the SEM images in Figure 8, (metallic)
particles can be clearly observed on STF37 after reduction at 650◦C.
At 800◦C, these particles are much larger and the roughening of
the remaining STF37 surface even suggests volume decomposition.
STF73, on the other hand, appears more stable, and thermally induced
Fe exsolution was not observed in SEM.

The exsolved Fe particles are metallic in hydrogen rich atmo-
spheres and become oxidized, or may be again incorporated in the
perovskite lattice, in water rich atmospheres. This can explain the
change of the slope in the ASR vs log(pO2) plot and the steeper in-
crease of the ASR in less reducing atmospheres shown in Figure 7c.
Such a pronounced change in the pO2 dependence of the ASR was
absent on STF73 (not shown). This is in line with the SEM images
in Figure 8, which do not show any evidence for Fe0 particles. Addi-
tionaly, a less reducing atmosphere also implies a smaller H2 pressure
in the atmosphere (the sum of pH2+pH2O is kept constant). Since
we assume that H2 adsorption/dissociation, is rate limiting, the low
H2 pressure probably also influences ASR increase in the higher pO2

regime in Figure 7c.
The catalytic effect of Fe◦ can also explain the untypical current-

voltage characteristics in hydrogen-rich conditions depicted in Figure
7d. Two DC sweeps were recorded at 650◦C in a H2:H2O mixture of
12:1. The curve becomes rather steep for cathodic overpotential and
shallow under anodic overpotential. This behavior cannot be fitted by

the sum of two exponential curves, i.e. by a kind of Butler-Volmer
type kinetics. In accordance with Eq. 5, the overpotential affects the
oxygen chemical potential or effective partial pressure pOef f

2 in the
electrode. In line with an ambient-pressure XPS study34 and the SEM
images in Figure 8, metallic Fe nanoparticles are therefore expected
at open circuit potential and particularly upon cathodic polarization.
Those particles increase the water splitting capability and this proba-
bly causes the cathodic current increase. During anodic polarization,
the particles become reoxidized and the U-I curve is shallow. The high
reproducibility of the ASR and chemical capacitance values during
pO2 or bias cycles at 650◦C and the absence of any hysteresis suggest
that Fe0 precipitates mainly in near-surface regions while the bulk
remains primarily in the perovskite phase.

However, at 800◦C conductivity and ASR measurements become
irreproducible in hydrogen rich conditions (not shown) and also SEM
images (Figure 8) indicate decomposition of STF37. This supposed
decomposition of STF37 at 800◦C seems to be in contradiction with
the chemical stability observed for STF-GDC composite anodes in
0.97+0.03 bar H2+H2O at 800◦C.11 There, however, the electrodes
were tested in an electrochemical cell operating at 0.7 V and thus
during anodic polarization of the STF electrode. The anodic overpo-
tential increases the chemical potential of oxygen in the anode bulk
(or pOef f

2 ) compared to the atmosphere and stabilizes the perovskite
phase. Overall, these results indicate that the exsolution of metallic
Fe from STF can strongly increase the electrode kinetics, but only
occurs under conditions that are very close to decomposition of the
perovskite phase.

Conclusions

The electrochemical properties of SrTi1-xFexO3-δ thin film elec-
trodes with 30 and 70 mol% Fe were investigated in reducing H2+H2O
atmosphere at 650◦C. Current collectors were applied to the thin film
to compensate the relatively low electronic conductivity under reduc-
ing conditions. These enabled meaningful electrochemical measure-
ments with homogeneously polarized thin film electrodes and in-plane
measurements of electronic and ionic conductivity. In reducing atmo-
sphere, the partial reduction of Fe3+ to Fe2+ leads to a polaronic
electron conduction in the order of 10−2 -10−1 S/cm, with higher val-
ues in more reducing conditions and for higher Fe concentration. The
concentration of Fe2+ polarons, determined by the chemical capac-
itance, is in good agreement with literature thermogravimetric data.
The ionic conductivities of 0.022 S/cm for STF37 and 0.0035 S/cm
for STF73 at 650◦C are independent of oxygen partial pressure, which
is in line with the expected almost pO2 independent oxygen vacancy
concentration. In H2/H2O, STF37 is even a better ion conductor than
single crystalline yttria-stabilized zirconia. Higher Fe concentration
also decreases the area-specific resistance of the surface reaction and
Pt/Ti current collectors on top of STF37 lead to an additional very
high TPB activity and can further lower the electrode polarization
resistance.

In hydrogen-rich atmospheres or during cathodic polarization, the
very low chemical potential of oxygen promotes the formation of
catalytically active Fe0 particles on the surface of STF37, which also
decreases the ASR of the electrode. In water-rich atmosphere these
particles become oxidized and the ASR increases.33,34 Hence, the
surface reaction mechanism can be switched from oxide-mediated to
Fe-metal catalysed by a small variation of the electrode overpotential
or gas composition. The exsolution of Fe0, however, occurs only very
close to the thermo-chemical stability limit.
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