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Abstract

In this study, iron doped strontium titanates (STF) are considered as possible SOFC cathode materials in the temperature range of
600-800°C. Their synthesis, electrochemical and structural parameters are evaluated. Electrochemical performance analysis is performed
by means of the Electrochemical Impedance Spectroscopy on symmetrical cells sintered at different temperatures. Chemical interaction
of STF materials with yttria stabilized zirconia solid electrolyte is considered by the X-ray diffractometry analysis of reacted powders.
Comparison with available data is presented and discussed.
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WLASCIWOSCI STRUKTURALNE | ELEKTRYCZNE MATERIALOW STF DO ZASTOSOWAN W SOFC

Tytaniany strontu domieszkowane zelazem (STF) rozwazane s3 jako potencjalne materiaty katodowe w SOFC do pracy w tempe-
raturach z przedziatu 600-800°C. Ich synteza, wtasciwosci elektrochemiczne i strukturalne sg oceniane. Analize wydajnosci elektroche-
micznej przeprowadzono za pomocg elektrochemicznej spektroskopii impedancyjnej na symetrycznych komoérkach spieczonych w réz-
nych temperaturach. Wzajemne oddziatywanie chemiczne materiatow STF i cyrkoniowego elektrolitu statego stabilizowanego tlenkiem itru
bada sie za pomocga dyfraktometrii rentgenowskiej reagujgcych proszkéw. Prezentuje sie i dyskutuje poréwnanie z dostepnymi danymi.

Stowa kluczowe: SOFC, tytaniany strontu, wtasciwosci elektrochemiczne, mikrostruktura finalna

1. Introduction

Solid Oxide Fuel Cells (SOFCs) are solid state energy
conversion devices which have attracted much attention
[1]. Their main advantages are very high efficiencies of en-
ergy conversion and broad range of fuels that can be used.
Also due to operation at elevated temperatures, usually
between 800-1000°C, high electrode efficiencies can be
achieved. Possibility of obtaining high efficiencies is con-
nected with the lack of the combustion phase, which exists
is in internal combustion engines. Conversion from the fuel
energy into the electrical energy and heat release occurs in
an electrochemical manner without combustion phase and
mechanical conversion does not occur. Current research
trend is in lowering the operating temperature of SOFC
to the intermediate temperature range, i.e., 600-800°C. At
lowered temperatures cheaper materials might be used for
SOFC fabrication, but on the other hand electrochemical
performances of electrolyte and electrodes are reduced and
thus new materials must be developed. In the case of the
electrolyte, for which an increase of ohmic resistance is the
main problem, the compensation for lowering temperature
may be achieved by the application of a thinner electrolyte
[2]. In case of the electrodes the electrochemical perform-
ance is lowered due to rather sluggish chemical kinetics

(chemical resistance) of oxygen reduction reaction (ORR),
surface exchange kinetics, etc. [3].

A perovskite family of materials are almost exclusively
used for cathode fabrication. The family is recognized by
general chemical formula of ABO,, which can be easily
doped on A and B site and thus the properties of perovskite
can be altered. For many years a (La,Sr)MnO, (LSM) cath-
ode have gained broad popularity [4]. This material has
been applied to many fuel cells and its physicochemical
properties are well documented and available in literature.
Main drawback of this material is the fact of only electronic
nature of the conductivity. It must be mixed with good ionic
conductor to form a mixed conductor (MIEC — mixed ionic
electronic conductor), for which higher electrochemical
performances can be achieved. Due to these requirements
new MIEC electrode materials have been found and used.
These include especially (La,Sr)(Co,Fe)O, (LSCF) group,
which reveal high oxygen ionic conductivity and good level
of electronic conductivity.

Strontium titanate SrTiO, (STO) has a perovskite crystal
structure and can be easily doped in a broad range. ltis stable
at high temperatures and has been extensively studied due
to its dielectric properties. In its undoped state it has rather
low conductivity and is a wide-bandgap semiconductor with
E,=3.2eVat0K][9]. It can be either acceptor or donor doped

121



Downloaded from mostwiedzy.pl

A\ MOST

M. ToLczyk, S. MoLiN, M. Gazpa, P. JASINSKI

122

to meet many possible demands. Successful applications for
resistive oxygen gas sensors have been presented with Nb
doped STO [6]. For Solid Oxide Fuel Cells this material can
be used for an anode [7-9]. Nb doped STO has shown very
good electrochemical performance when compared to the
standard anode material of choice: the Ni-YSZ cermet. Iron
doped strontium titanates, SrTi, ,Fe,O,,; (STF), are promising
materials for resistive-type oxygen gas sensors [5, 10, 11].
Also a propane gas sensor operating in the temperatures
below 500°C was constructed using this material [12]. Their
composition can be tailored to have a zero temperature
coefficient of resistivity, i.e., their conductivity is independ-
ent of temperature in some temperature range (zero-TCR:
zero-temperature coefficient of resistivity).

Table 1. Electrochemical and electrical properties of perovskites
considered as SOFC cathodes. Data taken from [13]. Values given
for 800°C.

Material eig::rfge G Gion t.

- [em-s™] [S:cm] [S:cm™] -
STF5 1.2:10°° 451073 5.7-10* 0.88
STF10 1.4-10°° 1.4:1072 1.7-1073 0.89
STF35 2.0-10°° 9.9-10" 3.5:102 0.96
STF50 1.7-10°° 1.8 3.6:1072 0.97
LSCF 5.6-10°° 3.0-102 8.0-10°3 0.99

By choosing an appropriate level of iron doping, their
electrical properties: electronic/ionic conductivity ratio
(transference number) can be changed. SrFeO, and SrTiO,
form solid solutions at all compositions. STF materials are
proposed as next generation oxygen sensors for exhaust
gas monitoring in cars. Recently this material was used by
Jung et al. as a model mixed conductor cathode material
for SOFC application [13, 14]. In their study this material
was fabricated in the dense form via Pulsed Laser Deposi-
tion (PLD) on the YSZ single crystal with (100) orientation.
Deposited layers exhibited a preferred (110) orientation as
detected by X-ray diffractometry with grain sizes in the range
of 100-200 nm. Thicknesses of these dense electrodes were
70-440 nm. In the temperature range of 570-650°C this ma-
terial has shown very low Area Specific Resistance (ASR)
even when compared to current state of the art cathodes like
(La,Sr)(Co,Fe)O, (LSCF)[15] and (Ba,Sr)(Co,Fe)O, (BSCF)
[16]. The ASR as low as 3 Qcm? at 650°C for STF80 was
reported. A comparison of the surface exchange coefficient
and electrical conductivity data of several STF materials with
LSCF material are included in the Table 1. [13]. It is appar-
ent that all materials of the STF family have higher surface
exchange rates. This parameter is crucial when considering
cathode materials, because high surface exchange results in
a possible high flux of oxygen ions. Other important features
are electronic and ionic conductivities. As can be seen in the
Table 1, the substitution of Ti by Fe results in an increase
in electronic and ionic conductivities and a decrease in the
band gap. lonic transference number also increases with the
increase of iron content. Although the ionic and electronic
conductivities increase, the electronic conductivity remains
on a low level (~1 S-cm'), which can be insufficient for ef-
ficient current collection.
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This paper offers the preliminary study of Sr(Ti,Fe)O,
materials as the potential SOFC cathode candidate. Three
different compositions are evaluated with respect to the
Area Specific Resistance and the chemical interaction with
the YSZ electrolyte.

2. Experimental procedure

A solid-state synthesis route was chosen as fabrication
method of STF powders. Dried powders of SrCO;, TiO,
and Fe,O, (reagent grade, Sigma-Aldrich USA) were used
to prepare SrTi, Fe O, materials with x = 0.35, 0.50 and
0.65. Throughout the text samples, which are described as
STF35 have a chemical formula of SrTi,gFe, 4505, STF50
— SrTigs0Feg5005 and STF65 — SrTi, 3sF e, 6505. Similar con-
vention is used in reference to samples prepared by other
authors. Powders, after initial weighting, were ball milled
(Fritsch Pulverisette 7) for 6 hours using ZrO, balls and
ethanol media. Ball milled powders were pressed into pellets
in a steel die and calcined at 1100°C for 4 hours in a muffle
furnace. After this step the powders were ball-milled again
for 10 hours, re-pressed into pellets and calcined at 1350°C
for 2 hours. Next the powders were ball milled again and
the resulting powder was analysed by X-ray diffractometry
and used for further experiments. Pellets of STF were then
pressed at 200 MPa and sintered at 1400°C for 8 hours to
obtain dense samples for an electrical conductivity evalua-
tion. Some samples were prepared directly from not reacted
reagents that were instantly sintered at 1400°C for 2 hours.
This was performed to compare the influence of the pow-
der fabrication route on the resulting properties. Electrical
conductivity of these samples was measured by the van
der Pauw method. Ag paste (5542, DuPont) was used to
prepare 4 contacts on circular samples. YSZ substrates
for the symmetrical electrode deposition were prepared by
uniaxial die-pressing of a commercial YSZ powder (HSY-8,
DKKG, Japan) under a pressure of 200 MPa and sintered
at 1450°C for 4 hours. Sample microstructure was analyzed
by scanning electron microscope FEI-Philips XL30 ESEM.
X-ray diffractometry studies were performed on a Philips
X'Pert Pro diffractometer with CuKa radiation. Sample
surfaces were scanned in a standard 26 configuration
at room temperatures. Impedance Spectroscopy studies
were performed using a Novocontrol Alpha A mainframe
with ZG4 4-wire interface. Excitation voltage of 50 mV and
the frequency range from 1.0 MHz to 0.1 Hz was applied.
Electrodes were prepared in a symmetrical configuration
by brush painting pastes prepared from appropriate STF
powders mixed with a vehicle (ESL 401, USA). Diameter
of electrodes was 10 mm. The STF symmetrical electrodes
on YSZ support were sintered at 1100-1300°C for 1 hour in
the static air atmosphere. Heating and cooling rates were
3°C/min. These symmetrical cells were tested in a 4 wire
spring loaded test rig with platinum meshes in contact with
STF electrodes. Samples were measured in the 800°C to
600°C temperature range with 50°C decrements. STF and
YSZ chemical interaction were determined by mixing the STF
and YSZ powders in a 30:70 volume ratio and pressed into
pellets under a pressure of 200 MPa, which were sintered at
1100-1300°C for 1 hour. After sintering pellets were grounded
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in an agate mortar and the resulting powder was analyzed
by X-ray diffractometry.

3. Results and discussion

To obtain phase pure STF powders a two stage solid state
synthesis method was necessary to perform. The properties
of samples after each synthesis step were tested by X-ray
diffractometry and by DC electrical conductivity measure-
ments. Unfortunately, the quality of the samples prepared by
direct synthesis of reactant oxides and carbonates were not
satisfactory. They did not exhibit a zero TCR, which is the
characteristic feature of these materials. Therefore a second
calcination step was needed and samples prepared from
these powders were phase pure and exhibit a conductivity
level in very good agreement with the available literature
data. After final sintering of samples porosities were higher
than 93 %. In comparison to [17] no A-site deficiency was
introduced in this work, which probably could improve pow-
ders synthesis procedure and long term stability. Only cubic
perovskite structure (space group Pm3m) was observed for
these powders. It was noticed before, that STF phase pure
powders and pellets can be hard to obtain during synthesis
and therefore different approaches were considered for
fabrication phase pure samples [12]. The results of measure-
ment of DC electrical conductivity of samples prepared from
doubly calcined powders are shown in Fig. 1. Measurements
were performed in the static air atmosphere. It can be seen
that the STF35 sample has a constant level of the electrical
conductivity in the temperature range of 750-900°C. The
conductivities of the STF50 and STF65 samples are not con-
stant at tested temperatures. At 900°C it was obtained 6.01
Scm™, 1.69 Scm™, 0.41 Scm™ for STF65, STF50 and STF35,
respectively. The type of conductivity for STF65 and STF50 is
different than for STF35. While STF 35 has a semiconductor-
type behaviour, two other compositions show metallic-type
behaviour. Similarly, in [18] the resistance of STO and STF35
decreased with the increase of the temperature. Interestingly,
the behaviour of STF60 was different for sample prepared by
ball-milled and not ball-milled powder. For ball-milled STF60
a metallic type conductivity was reported. The change in this
behaviour can be also described by the TCR parameter. As
described in [19], due to the different level of the bandgap
the TCR value is negative for STF solutions at low Fe content
(<30 %) and changes to positive values at higher Fe concen-
trations (> 40 %), with zero TCR at intermediate compositions
(~35 % Fe). The composition of STF35 having the desired
zero-TCR parameter is generally in agreement with the lit-
erature data. In [19] it was found that the same composition
fulfils the zero-TCR criteria, while in [20] a STF60 has been
studied. These small differences can be attributed to some
differences in the preparation of powders, i.e., solid state
synthesis or self-propagating high-temperature synthesis
(SHS) synthesis.

Scanning electron microscopy images of the STF65
cathode on the YSZ, which were subjected to electrical
measurements, are shown in Fig. 2. Thickness of the elec-
trode is about 5 um. Surface of the electrolyte is uniformly
covered with electrode material over all electrode area. The
cathode remained attached to YSZ even after the measure-
ment and subjection to the mechanical contact of the test rig,
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Fig. 1. DC electrical conductivity of STF35, STF50, STF65 pellets
measured in air.
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Fig. 2. Scanning Electron Microscope image of the cross section
(a) and surface (b) of the STF65 cathode on YSZ surface. Cathode
material was sintered at 1100°C for 1 hour.

which implies that electrode material is well adhered to the
underlying substrate. Cathode paste was in this case sintered
at the lowest temperature studied (1100°C) for 1 hour. The
grain size of the STF65 can be approximated to be <1 uym.
Based on surface analysis (Fig. 2b) a high level of porosity
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Fig. 3. XRD patterns of the unreacted YSZ, STF35 and their mixture
reaction products after exposure to different temperatures.
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Fig. 4. Impedance spectra measured at 800°C for STF symmetrical
electrodes on YSZ sintered at 1100°C for 1 hour.

is observed which is needed to ensure easy gas permeation
of the fuel cell cathode.

The chemical interaction between STF and YSZ materi-
als were studied for phase pure STF powders. A successful
candidate for SOFC cathode material should sustain a high
temperature synthesis of a ceramic paste applied on electro-
lyte without degradable interaction. Temperature range being
considered in this study is 1100°C to 1300°C.

To assess the chemical interaction between the YSZ
electrolyte material and STF cathode material, STF powders
were mixed with YSZ electrolyte material in a 30:70 volume
ratio and then calcined at 1100-1300°C for 1 hour. During
the high temperature exposure a reaction between powders
takes place. X-ray diffractometry patterns of YSZ, STF and
the resulting STF/YSZ reaction products for the STF35 com-
position are shown in Fig. 3. In case of YSZ measured XRD
patterns resembles a fully stabilized cubic zirconia structure
(JCPDS number 30-1468). As can be seen in the all sample
spectra, YSZ phase is always present, all peaks are clearly
visible. The peaks from STF35 material are highly diminished.
This can be explained by the smaller amount of the STF
material in comparison to the YSZ material. Another reason
for the smaller amount of the STF phase is its chemical reac-
tion. Starting at 1100°C only minor new phase is present at
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about 26 = 31.6°. Still the most intense (26 = 32.6°) peak of
the STF35 is clearly present. After exposure to 1200°C the
peak at 26 = 31.6° increased its intensity and after reaction
at 1300°C it became the major peak apart from YSZ. This
peak is attributed to the Sr,Ti,O, Ruddlesden-Popper phase.
It has tetragonal (space group I/4mmm) crystal structure.
According to the JCPDS database (file number 11-663), its
100 % peak is at the position of 26 = 31.615° and represents
the (105) plane. Peaks from the STF35 phase are not visible
after reaction at 1300°C. Beside the YSZ and Sr,Ti,O, no
other phases are detected. Interestingly, the relative inten-
sities of the peaks originating from the YSZ phase change
with temperature. This is especially visible when comparing
intensities of the (111) and (220) peak positions. The higher
the temperature, the relative intensity of the (220) becomes
stronger. The same occurs to the (311) peak intensity. For
the STF50 and STF65 compositions, the reactions were very
similar in character to the STF35 sample (diffractograms not
presented here). Higher iron content resulted in intensified
reaction between materials. Even after exposure to 1100°C
reaction products were observed in XRD patterns with higher
intensities than for STF35 sample. Chemical reaction of the
slightly A-site deficient Sr, 4, TiysFe,,0; with the YSZ was
studied before by Fagg et al. [17]. Authors mixed YSZ and
STF powder in 1:1 volume ratio and fired these powders at
1250°C for 12 hours. In their study a peak attributable to the
reaction product was noticed and STF peak was still present.
Although no attempt was made to describe this new phase,
from the available patterns it might be found to be the same
product as found in the present work. For the higher A-site
deficiency sample, Srq o, TiysFe040; the reaction has dimin-
ished greatly while for the La,,Sr,¢Ti,sFe,.,0; composition
no reaction between powders was found at all. It might be
stated, that either introducing A-site deficiency or introduc-
ing La atoms into the A-site will reduce chemical reactivity
between powders.

Typical impedance spectra of STF35, STF50 and STF65
symmetrical electrodes sintered at 1100°C and measured
at 800°C are presented in Fig. 4. The shape of spectra
resembles the spectra obtained for STF5 reported in [13].
For higher Fe content spectra differed from these, showing
only one semicircle. A ohmic resistance is defined as a high
frequency x-axis intercept, the polarisation resistance as
a difference between low and high frequency intercepts:
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Fig. 5. Area Specific Resistance of a symmetrical STF35 electrode
on YSZ electrolyte.
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Results obtained for STF35 and STF63 reveal some
common features. The ohmic resistances, which is usu-
ally attributed to the YSZ electrolyte, have a similar value.
However, the resistance of about 80 Q cannot be directly
connected to the pure YSZ electrolyte. At this temperature,
the YSZ alone should introduce approximately only 2-5 Q to
the overall results. The measured relatively high resistance
thus can be probably connected to the chemical reaction
between these materials, what results in a formation of
some resistive phases on the interface. For STF50 the high
frequency resistance is even higher, but the possible expla-
nation remains the same.

Although the polarization part of the impedance is com-
plex in shape, for the purpose of this paper itis only regarded
as one resistance. As can be seen in Fig. 4. it consists of at
least two overlapping semicircles, responsible for different
physical or chemical processes. No attempt is made for
the deconvolution of its complex shape into sub processes
here, which will be the topic of further studies. To describe
and compare electrode processes occurring in symmetrical
cells an Area Specifc Resistance is extensively used in the
literature and defined as:

ASR = Ag [Q-cm?], (3)

where R is the resistance, A is the electrode area and the
factor of 2 in the denominator is related to the fact, that on
symmetrical cells one measures two identical interfaces
between electrolyte and electrode. For the calculation of
ASR values, both ohmic and polarization resistances were
used. By this way two ASR parameters for each measure-
ment were obtained.

Calculated Area Specific Resistances a function of
temperature for STF35, STF50 and STF65 are presented
in Figs. 5 and 7, respectively. In case of the STF35 (Fig. 5)
the ohmic resistance is the smallest for the lowest process-
ing temperature (1100°C) and the highest for the 1300°C
sintered electrode. This would confirm the assumption, that
this high resistance value is connected to the products of
the reaction between YSZ and STF material. Polarization
resistances present the same tendency with temperature.
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Fig. 6. Area Specific Resistance of a symmetrical STF50 electrode
on YSZ electrolyte.

For the 1300°C sintered sample the polarization resistance
is almost one order of magnitude higher than for the other
two temperatures. Different behaviour was found for the
STF50 composition (Fig. 6). In this case the increase of the
processing temperature results in the enhanced perform-
ance. In other words, although the chemical interaction is
the strongest in this temperature the electrochemical proper-
ties are improved. This might imply that to some extent the
chemical reaction is not the main issue for this composition.

Table 2. Energies of activation and Area Specific Resistances ob-
tained from Impedance Spectroscopy measurements.

Name: Temp. Type E. ASRgyc
- [°C] - [eV] [Qcm?]
Ohmic 0.95 31
1100
Polarization 1.32 52
Ohmic 0.61 44
STF35 1200
Polarization 0.96 71
Ohmic 0.54 90
1300
Polarization 1.26 440
Ohmic 0.58 65
1100
Polarization 1.07 29
Ohmic 0.82 54
STF50 1200
Polarization 1.52 146
Ohmic 0.67 21
1300
Polarization 1.22 10
Ohmic 0.82 37
1100
Polarization 1.39 77
Ohmic 0.70 58
STF65 1200
Polarization 1.29 196
Ohmic 0.75 140
1300
Polarization 1.31 32

The plots of calculated Area Specific Resistances (Figs.
5 and 7) in a function of temperature are linear. Therefore
for all datasets activation energies related to Arrhenius
type of conductivity were calculated. These together with
ASR values measured at 800°C are presented in Table
2. As a general rule the activation energy of ASR. iS
smaller than that of ASR,,.i.aion- The activation energies of
ASR,ic alter between 0.54 eV for STF35 sintered at 1300°C
to 0.95 eV for STF35 but sintered at 1100°C. In case of the
ASRojaizaion @ctivation energies alter between 0.96 eV for
STF35 sintered at 1200°C and 1.52 eV for STF50 sintered at
1200°C. In the available literature, in the temperature range
of 570-650°C the STF activation energy of 2.00 eV, 1.80 eV
and 1.90 eV for STF35, STF50 and STF80 were obtained,
respectively. In this case a one semicircle was observed in
the impedance spectra and thus different processes can be
considered. However authors noticed, that in low frequen-
cies there is a sign of another contribution to the spectra,
however, no attempt was made to clarify this. In this work
the ohmic resistance (offset resistance) was attributed to
the YSZ electrolyte material. In case of ohmic resistance
the activation energy is lower than usually reported for the
YSZ ceramics (~1 eV). Also the level of ASR,,... is too high
to be attributed to the YSZ. In the case of the ASR at

polarization
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800°C the results are much higher than data presented by
Jung et al. [13, 14]. The lowest ASR,izaton Value obtained
at 800°C is 10 Qcm? for the STF50 sintered at 1300°C. The
highest value is 440 Qcm? for STF35 sintered at 1300°C. In
the [13, 14] polarization resistances for STF materials were
as small as ~3 Qcm? at 650°C for STF80 sample. Interest-
ingly, although electrical conductivities of STF materials dif-
fered greatly between them, this has no visible effect on the
measured impedance spectra. There arere several factors
that can cause these negative effects. First of all, cathode
materials used in this study are prepared from pastes and this
result in porous layers after sintering. Electrical properties of
dense and highly porous layers are much different. Electrical
conductivity of dense materials can be more than an order
of magnitude higher than for porous ones. Another important
factor is high temperature used to sinter cathode materials on
the electrolyte surface. This results in the chemical reaction
between YSZ-STF and end-up in a lowered electrochemi-
cal performance. In [13, 14], the authors deposited dense
STF layers by the PLD method, which is a low-temperature
method of deposition. In their case, the substrate was heated
to a temperature of 700°C and was the maximum sample
processing temperature throughout the studies. At such low
temperature chemical interaction is very limited.
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Fig. 7. Area Specific Resistance of a symmetrical STF65 electrode
on YSZ electrolyte.

4. Conclusions

In this paper iron doped strontium titanate powders were
synthesized. A two stage preparation route was needed to
obtain phase pure powders with desired properties. Electrical
conductivity showed a zero-TCR parameter for the STF35
composition. The level of the electrical conductivity differed
for more than an order of magnitude between synthesised
materials. The chemical reactivity between YSZ and STF ma-
terials was studied in the temperature range of 1100-1300°C.
Results show, that for the STF35 the reaction between per-
ovskite and YSZ is only minor, while for other compositions
is higher. Area Specific Resistances of prepared electrodes
were very high, with the best result of ~10 Qcm? at 800°C
for the STF50 sample sintered at 1300°C. This is much
higher than reported for dense thin-film model electrodes
and probably caused by the porous nature of the electrode
and chemical interaction between electrode and electrolyte

MATERIALY CERAMICZNE /CERAMIC MATERIALS/, 6%, 1, (2011)

material. Unfortunately, obtained results do not make these
materials promising as SOFCs’ cathodes when conventional
high temperature fabrication methods are applied. However,
superior physicochemical properties demonstrated before
still offer potential advantages to be exploited in future.
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