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ABSTRACT

Solid oxide fuel cell (SOFC) cathodes were prepared by impregnating the niirates corresponding
to SrTiFe .0 (STF) == 0; 0.1; 0.2; 0.3; 0.4 and 0.5, into a porous backbone of CeysGdo,O24
(CGO). STF was chosen as very high oxygen surface exchange rate, high jonic conductivity and
electrochemical stability as a thin film electrode have been reported for these materials, XRD
measurements showed a high degree of secondary phase formation in the infiltrate as well as reaction
with the CGO backbone. Microstructural analysis showed that the STF infiltrate bad formed a coating
on the CGO backbone. All prepared electrodes were characterized as symmetric cells using impedance
spectroscopy. Within the investigated senies the infiltrate with x = 0.1 (STF10) showed the best
performance with an area specific resistance (ASR) of ASR = 6.4 O cm’ (STF10) at 600 °C in air. The
relatively poor performance is believed 10 originate from poor glectronic conduction in the electrodes
and possibly also reactions between Srcontaining compounds and CGO. To circumvent the low
electronic conductivily, backbones of a composite cathode containing LaCoyg 4Nig O (LCN60) and
CGO were also tried infiltrated with STF. The ASR of the backbone was 8.7 € cm? prior to infiltration
and this decreased to 0.34 £ em” afier infiltration with STFI10.

INTRODUCTION

Rising prizes of fossil fuels and the urge for reducing the global warming call for sustainable and
efficient technologies for conversion of chemical energy into electricity and heat. Solid oxide fuel cells
(SOFCs) could potentialty contribute 10 a global energy sokution. But a number of critical issues need
to be resolved before significant commercialization can take place. Issues that must be soived are
among others high material costs and high degradation rates. Extensive research of new potential
materials is therefore needed for the success of the technoiogy,

In the search for new cathode materials for SOFCs perovskites in the series SrTixFe, .01 (STF)}
could be interesting since thin film electrodes of the material have shown a performance superior to
that of the commonly used Lag.«Srp+CossFeqwOss (LSCF). Oxygen exchange rates in the range of k=
1.2-2.0: 107 emy's at 800 °C have been reported for compositions x = 0.50-0.95 (STF50-8TF95). It is
thus expected that the compositions x = 0-0.50 also possess high exchange rates. The purpose of this
work is to further evaiuate the potential of using STF materials through fabrication and test of porous
SOFC cathodes ',

Previous studies have shown that the bulk electronic (¢.) and ionic {a;} conductivities of STF
both increase with increasing iron content throughout the entire compositional range SrTiFe; .0, x—
0-0.99. For SrFe0s;, (STFO0) o, = 20-35 S/cm and o = 0.21 S/em, whereas for SrTipsFegsOag
{STF50) the conductivities g, = 1.0 S/cm and &, = 0.05 S/cm have been measured at 850 °C in air 2.
The electronic conductivity of $TF at 850 °C is thus 1-2 orders of magnitude lower than the electronic
conductivity for LSCF of o, = 300 S/cm, whereas the ionic conductivity of STF is significantly larger
than that of LSCF a1 850 °C, ¢, = 0.015 S/em *.
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The thermal expansion coefficient (TEC) of STF increases with increasing content of iron. In (he
temperature regime ~500-800 °C values of 22:10® K' and 27-16* K have been reported for
ST 0sFe0.0505.5 and Stos7Tio 20F k05005 respectively * &, The ratio of these values is not as expected
from the respective camgnositions, They must thus be attributed some uncertainty. For lower contents
of iron values of 17:10° K and 910° K™ have been measured for Sro91Tip4Feq¢0s.s and StTiOs,
respectively ® 7. The TEC for Fe rich STF compositions is thus much larger than that of usual SOFC
components, ~11-10° K" *, which may cause problems in camposite electrode designs.

The need for sereening the potential of various STF compositions as cathode materials in a
feasibie electrode design calls for quick fabrication techniques. [t was chosen to fabricate and
characterize impregnated electrodes. Hence, an aqueous solution of the nitrates corresponding te STF
was introduced into an already physically and chemnically stable jonic conducting backbone, The
mpregnated cell design diminishes the importance of maiching the TEC of STF to that of other cell
components and allows us to use Fe rich 8TF compositions without complications. Impregnated
electrodes have previously shown excellent performance by impregnation of nitrates corresponding to
Lag 6510.4C003.5 (LSC40) and Smy sS1osCo0h.s inte backbones of CeavGda 1055 (CGO) °'°.

In this work the possibility of using STF impregnated porous SOFC cathodes is tested and the
most suitable composition is found. STF with compesitions x= 0-0.5 are characterized with respect (o
electrochemical performance, phase formation and microstructure. The high contents of Fe have been
chosen in order 1o get ligh electronic and ionic conductivities, which is desirable in SOFC electrodes.

Two types of backbones have been investigated for the potential of impregnating STF. A
backbone of CGO was tried first. This backbone has a very high ionic conductivity and almost no
activity towards oxygen reduction. In a second round, backbones of LaCopaNig.(:'CGO
{LCN60/CGO) were used. LCMNGO0 has a high electrical conductivity, 1200-1500 S/em at 25-1000 °C in
air, but also a low jonic conductivity as vacancy formation only takes place at high temperature.
Although LCN6D itself works as an oxygen reduction catalyst, it was expected that the electrode
performance could be improved through mapregnation. 1"

EXPERIMENTAL

Preparation of Cells

Symmetric 5 x 5 mm’ celis with CGO electrode backbones were prepared by screen printing on
each side ol a 300 pm thick commercial CepoGdy 1O (CGO) electrolyte and subsequently sintering at
1150 *C. The CGO backbones had a porosity of 64 % and a thickness of 30 pm on one side and 45 pm
on the other *. The differences were due to the screen printing procedure and are not expected to
influence the electrode performance, since the electrochemicad reaction zones are primarily located
within a few tens of micrometers of the electrolyte/cathode interfuce. The electrode backbones were
mpregnated with agueous precursor solutions consisting of a surfactant, strontinm nitrate Sr(NQOaz),
iron nitrate Fe{N(1)3-9H,0 and titanium lactate C ;Hz900:Ti in amounts corresponding to SrTiFe:.
s, x=0;0.1;02;03; 0405,

The CGO elecirode backbones were mipregnated according to the procedure illustrated in Figure
1a; (i} — (ii} the porous backbone was impregnated by placing a drop of precursor solution onto the cell
and any surplus precursor solution was removed using a tissue; (i} - (iii) the solvent was evaporated
and the surfactant was decomposed by pre-heating in an oven at 350 °C for 15 min. Any leftover
infiltrate on the surface of the electrodes was removed, after which a new infiltration followed. This
procedure was repeated 14 times.

The amount of infittrated material was measured by weighing the ceils before and afler
impregnation. Since formation of phase pure STF cannot be expected after caleination at only 350 °C,
thermogravimetry of the pre-calcined STF powder was carried out up to a temperature of 1000 °C.
Weight losses in the range of 29-36 % resulted from decomposition of the pre-calcined powder.
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Subtracting this weight loss and assuming complete formation of STF the resulting velumetric
perceniage of mfiltrated material i the elecirode backbones was estimated to 15 % (STF00, density p
=526g cm™) and 17 % {STF50, p=515g cm'j) of the total eiectrode velume, including pores and
backbone. Densities were calculated from molar masses of the ¢onstituent elements and unit cell
parameters 5,
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Figure 1. (a) The impregnation procedure starting with a simtered electrode backbone on top of an
electrolyte. The backbone was impregnated with a precursor solution and pre-caicined at 350 °C. The
last step was foliowed by a new impregnation. (b) Temperature cycle during symmetric cell
characterization. The cells were tested at various temperatures (Tys) atier different calcination
temperatures (Tia). The arrows show the T periods of the test.

Symmetric cells with 5 x 5 mm® LONG60/CGO 50/50 wi% electrode backbones were impregnated
as well. The LCNOO/CGO symmetric cells were electrolyte supported by a 200 pm thick CGO
electrolyte. The fabrication of these electrodes is described elsewhere ''. Electrode thicknesses varied
between 43-55 pm on one side and 70-85 um on the other.

The LCNGO/CGO backbones were impregnated with the most svitable infiltrate based on the
findings from the backbones consisting of CGQO, which was found to be STF10. The number of
impregnations along with the impregnation procedure was slightly varied for some of the impregnation
cyeles compared to the impregnation of pure CGO backbones. This was done by increasing the amount
of surplus precursor solution lefi on the cells and by leaving the cclls in a vacuum chamber at a
pressure of ~ | mbar lor 5 min, prior 1o pre-cakeination. The vacuum step removes air in the backbone
pores and increases the penetration of the precursor solution into the pores °. The number of
impregnations was varied to optimize the cell performance, and the abovementioned modifications of
the impregnation procedure were carried out in order to opiimize the amount of infiltrate left in the
backbone after each impregnation cycle.

Electrochemical Characterization

The symmetric cells with infilirate were contacted with Pt paste from Ferro and impedance
measurements with in-situ sintering of the mftltrate were carried out using a Hioki impedance analyzer
with a frequency range fram 0.06 11z to 100 kHz or a Selartron 1260 impedance analyzer with a
frequency range from 0.06 Hz to | MHz The impedance was measured with 15-20 points per
frequency decade.

The measurements were carried out on 4 cells at a time at an air Mow of 6 NL/h using the
temperature ¢ycle shown in Figure Lb. This temperature cyele was applied In order to test the
symmetric cclls at differenmt temperatures (Twq} and after different cakination temperatures (T
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Initially the cells were sintered at 500 *C for 120 min. and the impedance was measured for one cell at
a time. This procedure was repeated at every temperature plateau. The temperature was then increased
to the temperature plateau at Ty, = 600 °C at a rate of 300 °C/h and ramped back down to 500 °C,
This procedure was repeated up to temperature plateaus at Tya, = 700 °C, 800 °C, 900 °C and 1000 °C
with a temperature plateau at every 100 °C while ramping up the temperature, whereas the temperature
wias ramped dircetly down to 300 °C after each Tnu. plateau. The temperature cycle gives the
possibility of comparing the impedance for a cell sintered at a certain T, at various test temperanires
Tiew = Tomax, and firthermore the impedance variation with sintering temperature can be tfollowed by
comparing measurements recorded at a certan Ties but with varying Tma,. Some tests were carried out
up te 900 °C only, since strong degradation of the performance was observed above this temperature,
Impedance results were normalized (o the cell areas and divided by two.

Characterization of Microstructure and Phase Purity

Impregnated cells simered a1 relevant temperatures were fractured by hand and contacted with
carbon tape as preparation for scanning electron micrescopy (SEM). SEM measurements were carried
oul using a Zeiss Supra 35 scanning electron microscope.

A precursor solution of STFOO and STF50 was heated to 350 °C for 7 h and subsequently
crushed. High-temperature X-ray powder diffraction (11T-XRD) measurements that allows for irsitu
calcination were carried out using s Bruker D8 Bragg-Brentano diflractometer with Cu Ko radiation to
verify the formation of the STF phase and to siudy the formation of other phases in the dried precursor
solutions. Measurements were recorded lor the compositions STF50 and $TFOO0 to retrieve information
about the two end members studied in this work. The temperature was varied from 500-900 °C using a
Pt heater, heated by Joule heat, Measurements were recorded at every 100 °C. The powder was
calcined for 1.5 h (STF50) or 3 h (STF00) at the respective temperature before measuring in order 1o
mimic the sintering times of the symmetric cells before the impedance measurements. Measurements
could only be recorded for relatively small amounts of powder at a time, approximately 200 mg. The
28 range was 17-80 ° with a step size of 0.06 °, and the measurement time per point was 5 s.

The possibility of reactions between STF and CGO was studied using XRD powder diffraction
on powder mixtures calcined at 1100 °C for 10 h. Powder mixtures consisted of CGO powder with a
surface area of 6.0 m*/g mixed with dried STF50 and STFO} powder, respectively.

RESULTS AND DISCUSSION

Phase Evolution and Microstructure as Function of Temperature

The results of the HT-XRD are shown in Figure 2a (STF50) and Figure 2b (STF00). The lower
XRD pattern in both figures shows a measurement recorded at 30 °C of the powder of the precursor
solution heated 10 350 °C. Above it is shown patterns recorded at the temperature stated to the right in
the figures. The measurement marked as 30 °C* has been measured at 30 "C afier cool down from
calcination at 900 °C. At higher temperatures the peaks move towards lower Bragg angles due to
lattice expansion. Seme measurements have been excluded for both powders, since no change in peak
mtensity could be observed.

From the HT-XRD pattems for the STF30 powder in Figure 2a it is observed that the only
clearly detected phases after caleination at 350 °C are those of the Pt-heater { ® identified as PDF no.
00-004-0802}, So(NQ3); (#* PDF no. 00-025-0746) and SrCOs (¥ PDF no. 01-084-1778). Sr(NOs})s is
not observed at a smtering lemperature of 500 °C and above. [n contrast, previously observed
decomposition temperatures of Sr{NQ;); are in the range of 550-620 °C 2%, This discrepancy may be
attributed to uncertainties on the temperature of the Pt heater and the influence of other present phases
on the decomposition and formation temperatures. SrCO; is observed in all the recorded
measurements. However, the peaks of the SrCO; phasc appear only weakly at 350 °C and decrease

4 - Advances in Solid Oxide Fuel Cells Vil



Investigation of Novel Solid Oxide Fuei Gell Cathodes

significantly when heating to 900 °C. [n a similar experiment performed on a dried precursor solution
of La, Sr and Co niirates the SrCO1 was undetectable at $00 °C and above. This discrepancy is
behieved to be due to a lower stabilitg of STF compared to the formation of Lag oS194C00h; (LSCAG)
in the temperature range 500-900 °C °,

In Figure 2a the STF50 phase ( ¢ identified as SrTigsFeos024s PDF no. 01-084-1004) appears,
although only weakly, at 500 °C, but the peaks increase significantly when heating to 700 °C and 200
°C showing increased but not complete formation of this phase. The exact oxygen non-stoiciomeiry of
the phase is not known, since the XRD patterns of various non-stoichiometries are almost identicat. 1t
should be mentioned that the XRD peaks of the isolating SrTi0s phase are located at almost the exact
same Bragg angles as the STF50 phase. The unwanted SrTi0s may thus be present, although further
investigation would have to be carried out 10 reveal the presence ol the phase as well as the exact
amount. Cocling down from 900 °C w 30 °C a SrO phase ( # PDF uo. 00-043-1477) appears.

STF50 STFOO
T s Pt
. 1 ® 5iTigFey 0,
¢ Ll ow SICO,
] 30°CH| .
| EI.I Yo o N o + & SNO),
' g ‘.a'-.,_._-,«’?:'\..-vr.,d A W, -_| ® S0
Toe 1 500Cll A SfeQs;
% h\' 4 Yo w0 vy ¥ >
g .\.-@, it W faPr e E
@ Thi 700 C
c vl b | Yy 5
E U Wi ot K =
c ‘xv v L e £
- FE I ot
A P Lt s Al a st .-"o\‘w‘.._r
1
el 1 L 1Y
50 60 70 80
26[ ]
(@) (b)

Figure 2. HT-XRD patterns for precursor solution powders of (a) STF50 and (b) STF00. The patterns
noted as 30 °C, shown in the bottom of both figures, were recorded afier drying at 350 °C, whereas the
paterns in the top (30 °C*) were recorded afier calcination at 300 °C.
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Figure 3. XRD patierns ol (a) STF50 + CGO and (b} STF)0 + CGO powder mixtures after calcination
at 1100 °C for 10 h.
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The observed secondary phases do not include iron nor titanium, which must thus be present as
additional secondary phases. [t has been attempted 10 match the XRD patterns with the full range of
compunds containing either Fe, Ti, Sr, O, C or N but none of these phases were detectable.

The HT-XRD measurements for the STF50 powder thus poim at formation of the STF30 phase
increasing continuous and strongly between the temperatures 500-900 °C. Furthermore, the XRD data
clearly indicate the presence of several unwanted secondary phases. Further investigations are required
to reveal the exact amount of secondary phases and STF, respeciively. However, comparison with
other studies indicates a large presence of SrCO4 in the STF infiltrate and thus a weaker presence of
the perovskite phase °,

The HT-XRD pattern for STFOO0 is shown in Figure 2b. The Sr{NO:): phase {#*} is again
observed after heating to 350 °C md is, as in the case of the STFOO dried powder still present after
sintering at 500 °C uvnlike for the STF50 powder. The 8:CO; phase (¥} is first observed at 500 °C,
however the peaks appear only weakly below 600 °C. The phase is still observed after sintering at 900
°C like for the STF00 powder. The STF(0 phase { & identified as SrFeO; 73, orthorhombic, PDF no. (0-
040-0906) is first clearly observed at 600 °C. The peak signals from STFO{) appear to increase only
weakly with increasing temperature. Further phase formation is expected at a temperature above %00
°C. However, as expected the presence of the poorly conducting, ordered brownmillerite phase,
SrFe(: < can be excluded T4

XRD diffraction patterns for mixtures of CGO with STF) and STF50, which have been
calcined ar 1100 °C, are shown in Figure 3. The CGO phase (+ identified as Cep9Gdy 10y 95 PDF no.
01-075-0161}) is clearly observable in both powder compesitions. Furthermore STF50 ( ¢ identified as
SrTigsFeg s0: 33 PDF no. 01-081-0685) and STF0O (a4 identified as SrFeQ; 5, tetragonal, PDF no. 00-
039-0954) phases are observed from Figure 3a and Figure 3b, respectively. The secondary phases
observed ar 300-%G °C arc not observable afler calcination at 1100 °C, However, new peaks have
appeared; SmFe;On.; (* identified as SraFe;Og 7: PDF no. 00-045-0400) and a weak trace of SrCeO: (
« PDF no. 00-047-1689), are observed for both powder mixtures, The SrFe;0;.; phase has previously
been observed in varicus synthesis methods of strontium ferrite after powder cakinations at 600 *C
and 1100 *C and has been shown to decompose again after heating for 100 h at 1100 °C ' The formed
SrCe0; phase is a stable, electrically insulating perovskite and is highly unwanted as a secondary
‘3hasc “ltisa product of reactions between SrCO3 and CeO» and forms at temperatures above 700 °C
7. This shows that a reaction takes place between the backbone and the infiltrate.

Micrographs showing representative microstructues of a nen-impregnated CGO backbone and
impregnated CGO backbones are shown in Figure 4. The porous backbone without infiltraie in Figure
4a shows particle sizes in the range 100-300 nm. The infiltrate is clearly observed as small particles of
sizes below 20 nm in the STF50 impregnated backbone sintered ail 600 °C (Figure 4b). The infilrate
particles appear to be interconnected, which is important for electronic conduction. To some degree the
infiltrate also appears to form a thin coating of the CGO particics. and the two components scem to
form a good comtact. Sintering at 1000 °C implies increased particle sizes of the infiltrate and thus a
decrease of the amount of triple phase boundary (TPB), e.g. reduced reaction area, see Figure 4¢. After
sintering at 1000 °C the STF50 infiltrate is hardly distinguished from the backbone, but it is believed to
appear as particles with sizes below 100 nm. The contact angle between the backbone and infiltrate
phases appears to be very small, and from the XRD mvestigations the particles are likely to have
reacted with the backbone, forming SrCeQOs.

The STFOO infiltrate was significantly harder 1o detect, although the weight increase due to
infiltrated material showed almost equal amounts of infiltrated material of STFO0 and STF30. A CGO
backbone with STF0O infiltrate sintered at 600 °C is shown in Figure 4d. [t is believed that the STF00
impregnated electrodes contain in the vicinity of 15 vol%t as calculated from the weight increase due to
impregnation. The infiltrate is partly present as clearly observable agglomerates as shown in Figure 4d
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and a hardly observable thin coating of the backbone particles. The coating appears as small roughness
features on the otherwise smooth backbone particles and edges of the coating bave been observed. It is
preferable that the infiltrate forms a ot of smaller particles instead of the coating in order 10 maximize
the available surface area for oxygen reduction.

The morphological differences between the STFOU and STF50 infihraies are atributed 10 a
higher sinterability and possibly higher mobility on the CGO backbone of the STF00 particles. The
formation ol an infiltrate coating has previously been observed for other perovskites on a YSZ
backbone ' '*. The tendency of the STFOO infiktrate to coat the backbone is further evidenced m Figure
4e, where the STFO0 infikrate has been sintered at 1000 °C and does not appear as individual particles
unlike the 8TF50 infilirate.

CGO no infilfra

i 600 °C .sinte.ring

. | — " B00°Csintering| == 1000 °C sintering

Figure 4. SEM micrographs of CGO backbones with (a) no infiltrate, (b} + (c) STF50 infiltrate
calcinated at 600 °C (b) and 1000 °C (c) and {d} + (e} STFQO infilrate calcinated at 600 °C {d}
and 1000 °C (e).

Effect of STF Composition on Electrode Performance

Figure 5a shows Nyquist plots of impedance data from symmetric CGO cells infiltrated with the
six investigated compositions SrTiFe; 054, x=0, 0.1, 0.2, 0.3, 0.4, 0.5. The cells have been tested in
af at Ty = 600 °C after in-situ sintering at Ty, = 600 °C. The insert is a zoom-in of the data for the
cells infilteated with STFOD and STF10. A trend is clearly observed; the data for the STF50
impregnated cell have the highest impedance, and the total area specific resistunce (ASR) 15 decreasing
with increasing conment of iron. This tendency corresponds 10 the increase in o, and & wilh increasing
amount of Fe in the composition but is also influenced by the differences in microstructure and the
amount of perovskite phase present for differemt STF compositions as elaborated below. The cells
infiltrated with STF00 and STFL0 appear to perform almost equally well at Tieq = T = 600 °C.
Including other sintering and test temperatures, the STF10 infikrated cells penerally perform the best at
500 °C = Tyey < 750 °C, while the STF00 cells perform better at 750 °C < Ty < 1000 °C.

The data in Figure 5a show two clearly distinguishable impedance arcs, which both decrease
systematically in magnitude with increasing Fe content of the infiltrate. The low frequency (LF) arc is
attributed to a convelution of low frequency electrode processes, which are dominated by the
ekectrochemical reduction of oxygen and the migration of exide ions between the electrode reaction
zones and the elecirolyte. The LF arcs show very high impedances of Ryr = 1.5-15 & em® in
comparison to similar previous studies for CGO backbones impregnated with LSC40, where a
polarization resistance of B, = 0.04 Q em’ has been reported at 600 °C in air *. Hence, the LF electrode
processes must be strongly impeded in the STF impregnated electrodes. The impediment of the LF
processes are mainly explained by the widespread formation of secondary phases and insulficient
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phase formation of STF, since it is not expected that any of the observed secondary phases can replace
neither the jonic and electronic conductivity nor the catalytic activity of the perovskite.

From the SEM investigations the infiltrate particles are expected to be sufficiently interconnected
for electron transport to the TPB {reaction zone}. However, a combination of a low electronic
conductivity and insufficient phase formation of STF may impede the electronic and to some degree
also the jonic conduction in the electrode. SeCeQy that resulis from reaction of the infiltrate with the
backbone is a very poor conductor with a total conductivity of 1.6 10* Sem at 850 °C i ait, and may
thus cause a significant impediment of the transpornt of oxide ions from the reaction zone on the STF
infilirate to the CGQ phase '®. Previous studies did not detect the SrCeO; phase below 700 °C V7.
However, it is not unlikely that the phase is present in minor ameunts. Formation of a few nanometers
of the phase at the backbone-infiltrate interface would be falal for the electrode performance because
of the low conductivity of the phase.
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Figure 3. Nyquist plots of impedance data obiained for impregnated symmetnc CGO backbone cells
im air. (a) Comparison of STF compositions. (b} Comparison of in-sitw sintering temperatures (Tina)
for SrFe( s (STF00). Characteristic frequencies of 0.06 Hz, 10 He, 100 kHz and | MHz marked.

The HF arc shown in the plots in Figure 5a are observed at unusual high frequencies {(~ 1MHz},
at which MIEC cathode electrode processes are not normally observed. The HF arc cannot be due to
the electrolyie nor the backbone, as it has been observed even al T, = 800 °C and varies in magnitude
with STF composition. The high frequency processes can be caused by either low edectromc
conductivity in the electrode or formation of the SrCeQs; phase. Widespread presence of non-
conductive sccondary phases in the infiltrate will lower the net electronic conductivity and may also
parily disconnect the electronic percolation in the electrode. Formation of (he $rCeQ: at the infiltrate-
backbone interface will also lcad to a HF-process in the impedance spectra.

1t is associated with a significant uncertainty to determing series and polarizalion resistances of
the symmetric ¢ells due 1o the incomplete HF arcs. The electrode performances are thus evaluated by
ASRaecrade = ASRiouml - - B, where ASR e is the total area specific resistance of the cells (largest real
part ol the impedance) and Ry is the cakeulated clectrolyte resistance for half the electrolyte thickness.
Ra = i/ ocao, where Ly is half the electrolyte thickness and oo is the electrolyte conductivity
caleulated from oego T = 1.09- 10%exp{-0.64 eV/(kuT)) §-Kicm, which implies Ra(300 pum, 600 °C) =
1.2 € cmi®. In this way the HF arc is included in the results of R, Due to the large values of R, this
procedure only give rise 10 a very small uncertainty on the determination of R,. Standard impedance
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fiting with equivalent circuit elements would not be feasible as the HF arcs are too incomplete. For
Ties = T = 600 °C in air we thus get ASRucurwal CGO: STFO0) = 6.3 £ cm’ and ASRupearodel CGO:
STF10) = 6.4 O ent’.

Effect of Sintering Temperature on Electrode Performance

Figure 5b shows Nyquist plots at a test temperatare of 600°C after different sintering
temperatures betweens Ty, = 600-1000 °C for a symmetric cell with CGO backbone mfiltrated with
STFOL. The performance of the cell is observed to be strongly dependent on sintering temperature. The
performance is best at T, = 600 °C and decreases with increasing T, The optimal sintering
tersperature is a balance of sufficient phase formation of the catalytically active phase and
microstrucuure. Sintering at higher temperatures increases particle sizes as previously observed but on
the other hand, the perovskite phase is not present or only present in small amounts at low sintering
temperatures, Furthermore the amount of SrCe(; may also increase with increasing sintering
temperature. From Figure 5b the ASR is seen to increase strongly at Toa = 900 °C, which may be
explained by significant infiltrate particle growth and the increased tendency to form SrCeQ; at
elevated temperatures.

Impregnution of Electronically Conductive LON60/CGO Backbone with STF10

Because of the indications of poor electronic conductivity in the impregnated CGO backbones
electronically conductive LCNAG/CGO backbones were impregnated. STF10 was chosen as infiltrate
as it showed the best performance in the impregnated CGO backbones. [mpedance results for
impregnated and non-impregnated backbones of LON60/CGO, sintered and tested at 600 °C in air, are
presented in Figure 6. The measurements were conducted in the frequency range 0.06 Hz — 100 kHy,
simce no high-frequency are was encountered, which is attributed to benter electronic conductivity in
the electrode. The LCN6O/CGO cell without infiltrate exhibits a performance of ASRyjrose = Ry =
8.7 £2 ¢cm’ at 600 °C in air. The performance has been evaluated by using the data points measured at
106 kHz and 0.06 Hz.

A large variation in R, for some of the LCN/CGO cells has been observed. As seen from Figure 6
two of the cells exhibit a very high series resistance, which is attributed to contact resistances at the
electrode-electrolyte interface. It is although expecied that impregnation decreases R, significantty for
the cells with bad contacting. Values of ASR,jcvode have although proved highly reproducible.

Figure 6 shows a significant improvement of the electrode performance when impregnating with
STF10. ASRueon of the cell infiltrated 4 times with STF10 has been measured 10 0.34 € ¢m’ and for
the cell impregnated 10 times with STF10, ASRucuie = 2.7 £ em®, corresponding 1o electrode
performance improvements of 25 and 3 times, respectively, compared to the non-impregnated cell.
Hence, the optimal number of impregnations is expected to be closer te 4 thun 10 and the number of
impregnations has a large impaci on the electrode performance. Previous studies by Samson et adf.
impregnation of a CGO backbone with LSC40 show performance variations of no more than a factor
of 2 when impregnating 6. 9 and 12 times and an optima) performance at 9 impregnations °.

The differences between the present study and that of Samson =t adre expected to be caused by
the content of the catalytically active LCN60 in the electrode backbone in this work. For illustration of
the catalytic activity, LON6O/CGO electrodes with optimized microstructure exhibit a performance of
ASRocormge = 04 Q em® at 600 °C in air, thus almost as good as the best impregnated LCN6O/CGO
electrades in the present study ''. The LCN60 particles get increasingly blocked with the number of
impregnations, which reduces the gas accessibility to the surface and thus the oxygen reduction
activity of the LCN60. This hypothesis would mean that the net catalytic activity of the STF infilirate
is less thuan that of LCN6O. This may be due to the presence of secondary phases or less optimistic
materials parameters than reported in literature. Further investigations would have to be camed out to
contirm this.
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LCN/CGO: STF10™, Ty = 600 °C

ol T
3 o = 700 T
4, Yol Ta=s0ec)
: “ 3 T =#0T
R T T T

Z° {2 emd]
(b)

Figure 6. Nyquist plots showing (a) impedance measurements of LCN6O/CGO symmetric cells
impregnated with STF10 10 times {=), 4 times () and without infiltrate ( - ). The celis were sintered
amd Lested at 600 °C in air, (b)Y Nyquist plots showing performance variation with in-situ sintering
temperature (Trmax) at 600 °C in air for a STF10 impregnated symmetric cell with LCN60/CGO
backbone.

I LoCGOo: STFI0 ™ -
o LONCEO. STFIG* ||

The performance impact of sintering temperature s illustrated i Figure 6b. The clectrode
performance is best at a sintering temperature of 600 °C. Increasing the sintering temperaturce
decreases the electrode performance, although not nearly with as large a iactor as observed for the
impregnated CGO backbone. Again, this is explained by the presence of the catalytically active
LCN6O phase, in which the particle sizes are only slightly affected by increasing the simering
temperature from 600-900 °C and thus do not imply a performance decrease. llowever, the significant
performance decrease with increased Tmu shows that the infiltrated STF10 must contribute
significantly as a catalyst for the electrochemical reduction of O5.

o o i oo
Figure 7. SEM photos of LCN60/CGO electrode backbenes (a) without infiltrate, (b) with
STF10 sintered at 6030 °C and (¢) with STF1) sintered at 900 °C.

Micrographs of a non-impregnated LCN60/CGO backbone are shown i Figure 7. The non-
impregnated backbone in Figure 7a shows large particles with sizes ~200 nm and smaller particles with
sizes < 100 nm due to a different particle size distribution for the LCN60 and CGO phases. Afler 4
impregnations with STF10 and sintering at 600 °C the infiltrate can be seen as particles smaller than
those in the backbone, see Figure 7b. Simtering at 900 °C entails agglomeration to parlicles of sizes
~50 nm as shown in Figure 7c. As previously observed the particles seem to fonm a very Jow contact
angle on the backbone particles.

The electrode performances of STF10 impregnated CGO and LCN60/CGO backbones and a
non-impregnated LOCN6O/CGO backbone are compared in an Arrhenius type plot in Figure 8. The ASR
of the non-impregnated LCN60/CGO backbone varies only slightly with T, showing limited
degradations, since the cells have already been sintered at 1000 °C during the fabrication process ''.
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The performance of the STF10 impregnated CGO backbone changes remarkably little with increased
Tinax In the range 500-800 °C compared to the STF10 impregnated LCN60/CGO backbone as well as
other cells that have been tested in this study.

The activation energies shown in Figure 8 bave been calculated for the data points corresponding
10 Tyux = 800 °C. The non-impregnated LCN6O/CGO electrode with E. — 70.9 klmel pecforms betler
than the STF10 impregnated CGO backbone at Ty > ~700 °C but worse at lower temperatures. The
relatively low activation energy of the impregnated CGO backbone is believed to be due to the large
influence of electronic and oxygen vacancy conduction limitations on the electrode performance.
These processes are less activated with temperature, which can be exemplified by comparing E, = 61.8
klJ/mol for vacancy conduction in CGO and an activation energy for a thin film electrode of STF50 of
E, = 173.7 kl/mol. The performance of the thin film electrode 15 largely dominated by the reduction
process of oxygen, ' ¥
T [C]

E,w 115 kbimol . ~§

ASRyecros [£2607]
2

f— CGO: BTF10 |

3l - = = LCNCGO: STFI0Y

0] L==icncGo |

L
T, [1000/]

Figure 8. The electrode performance, ASR. a0, as function of temperature. The performance has
been plotted at various temperatures with a symbol showing the in-gitu sintering temperature (Tax =
500-800 *°C) of the ¢cell. An Arrhenius fit to the data obtained for Try,, = 800 °C has been included.

The performance of the best LCN60/CGO backbones impregnated with STFLO is still an order of
magnitude lower than that of LSC40 impregnated CGO backbones even though the electronic conduc-
tivily issues to some degree have been solved by introducing the electronically conducting
LCNo/CGO backbone. This may have several explanations; the net catalytic activity and net conduc-
tivities of the STF infiltrate are not expected to be very good, the STF particles constitute a significant-
ly reduced surface area compared to the LSC40 infiitrate in the study by Samson 2tal and the sus-
pected mfilirate-backbone reactions to lform SrCeQ; can cause a strong impediment of oxide jon trans-
port.from the infiltrate to the CGO backbone. *

SUMMARY

SrTiFe 05 (STF) was evaluated as potential material in solid oxide fuel cell {SOFC) cathodes
by impregnating CeqyGdyyOs.s (CGO) backbones with the compositions x= 0; 0.1; 0.2; 0.3; 0.4 and
0.5. On average the best performance was observed for STFI10 impregnated CGO backbones with an
electrode area specific resistance (ASR) of 6.4 Q em? a1 600 °C in air. A large part of the ASR is
attribuled to poor electronic conductivity of the electrode and possibly formatien of the highly resistive
phase SrCe(s,

CGO/LaCopaNipsO0a.s (LCNGOY electrodes 50/50 wt% with high electronic conductivity were
impregnated with STEI0 (x~ 0.1) and showed an ASR of 0.34 Q cm” at 600 °C in air, which is an
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improvement of 25 times compared to the non-impregnated electrode with an ASR of 8.7 £} ent. It is
suspected that the temperatures needed for formation of STF are too high for compatibility with the
impregnatien technique, which implies extensive formation of secondary phases. Although no precise
conclusion for the potential of STF as cathode material in SOFC has been stated, the following has
been found:

» If implications of the high thermal expansion coefficient (TEC) can be overcome, STF
compositions with a high content of iron such as STFL0 show the most interesting
properties.

» The formation of STF from sirontium and ron nitrate and titanivm lactate is accompanied
with formation of several unwanted secondary phases, cven when heating to 1100 °C.

» STF infiirate and CGO may react to form an isolating SrCeO; phase at high
temperatures.

o STF infiltrate forms a coating on CGO instead of the wanted high-surface area
distribution of infiltrate particles,

s STF infiltrate sintered in-situ at 300-900 °C does not provide the desired combination ol
high oxygen surface exchunge, high electronic conductivity and good ionic conductivity.
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