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abstract

Infiltration is a method, which can be applied for the electrode preparation. In this paper oxygen electrode is prepared solely by the infiltration of

Lag 6Sro.4Cop.2Fep803-5 (LSCF) into Ceg sGdo 20,5 (CGO) backbone. The use a polymer precursor as an infiltrating medium, instead of an aqueous nitrate salts
solution is pre-sented. It is shown that the polymer forms the single-phase perovskite at 600 °C, contrary to the nitrates solution. As a result, obtained area specific
resistance (ASR) is lowered from 0.21 2 cm?to 0.16 2 cm? at 600 °C. More than 35% of LSCF in the oxygen electrode decreases the performance.
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1. Introduction

Solid oxide fuel cells (SOFCs) are devices of great potential for
energy generation from hydrogen [ 1] and hydrocarbon-based fuels
[2]. They also may be utilized in reversed mode, working as solid
electrolysis cells (SOEC) [3]. However, for practical applications
lowered operating temperatures (preferably no more than 600 °C)
and lowered production costs, as well as an increased durabil-
ity are required [1]. A way to reduce the cost of production is
to decrease the amount of catalyst used in electrodes, especially
in an oxygen electrode. The oxygen electrode (cathode in SOFC,
anode in SOEC) is a significant source of polarization resistance at
lowered operating temperatures. Thus, elevated electrochemical
activity of the electrode is required. It can be obtained by tailoring
the structure and decreasing feature size of the electrode to tens
of nanometers. An infiltration is a method of electrode prepara-
tion that can satisfy these goals [4]. So far fundamental research
concerning the infiltration (impregnation) method for SOFC cath-

http://dx.doi.org/10.1016/j.jeurceramsoc.2017.04.032

odes has been conducted by a number of groups [5-13]. It was also
shown to work well in the case of SOEC anodes [14-16]. In this
method the electrode is fabricated in the following order: i) depo-
sition of the backbone (highly porous, several dozen micrometers
thick layer of electrolyte material) on the surface of the electrolyte,
ii) high-temperature backbone sintering step, iii) multiple impreg-
nations of the backbone with the infiltrate which contains electrode
material (catalyst), iv) low-temperature sintering step in order to
crystallize the electrode material. The infiltrate is a liquid with low
viscosity, which easily penetrates the backbone pores. It can be a
suspension of catalyst nanoparticles, aqueous solution of nitrate
salts, molten nitrate salts, polymer precursor and more [4,11,17].
The infiltration procedure results in a number of advantages over
standard electrode deposition methods: i) backbone is basically an
extended electrolyte layer which provides exceptionally large con-
tact area with the electrode, similarly to the composite electrodes;
ii) there is no relevant thermal expansion coefficient mismatch;
iii) mechanical stability is provided by the backbone thus elec-
trode material can be sintered at relatively low temperature; iv)
low volumes of the catalyst are required to ensure electron per-
colation; v) due to lowered heat treatment temperature, more
active but unstable at high temperatures materials can be used
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as catalysts while the risk of parasitic reactions is reduced; vi)
electrode grains can be nanometer-sized providing high active
surface area and triple phase boundary (TPB) length. The advan-
tage v) enables usage of unusual materials like LaNi;_xCoxO3_5 [16].
However, in that study, as well as in similar research by Samson
[6] (concerning Lag gSrg.4Co03_g), SOFC oxygen electrode sintering
temperature was insufficient to produce single-phase perovskite. In
both studies aqueous nitrate salts solution was used in infiltration,
which is the simplest and the most popular method [18]. Sol-gel
methods provide the way of obtaining pure perovskites with-
out high-temperature sintering step, one of them being Pechini
method [19]. Slight modification of Pechini method enables to use
citrate gel containing well dispersed metal cations. After heat-
ing above 400°C the polymer gel matrix oxidises. This leads to
the formation of highly homogenous, yet amorphous, mixture of
metal compounds. Further heating results in crystallization into a
single-phase material [20], at 600°C in the case of LSCF [21]. It
was shown that a polymer precursor may be used as an infiltrat-
ing medium in YSZ films preparation by Net Shape Technology [22]
or to infiltrate a porous electrode [11]. In the latter, synthesised
electrode particles were studied only as an additional catalyst (infil-
trated into existing, composite SOFC cathode), without reaching the
percolation limit for the electrons. Up to now, the direct compar-
ison of oxygen electrodes prepared only by the infiltration with
aqueous nitrate salts solution and with polymer precursor was not
shown.

In this study, oxygen electrodes were prepared exclusively by
the infiltration. The advantages of using polymer precursor instead
of aqueous nitrate salts solution in order to obtain single-phase
electrode material were investigated. These two methods of elec-
trode preparation were directly compared. Moreover, the beneficial
influence of polymer matrix on the microstructure of the electrode
is studied, since it was shown to form mesoporous films [21]. In
addition, the influence of sintering temperature and amount of
catalytic material in backbone is shown. The state-of-the-art elec-
trode material LaggSrg4Cog2Fepg03_5 (LSCF) and CepgGdg 20,5
(CGO) electrolyte/backbone are used for the sake of simplicity
and comparability. Their performance and structure are mea-
sured with electrochemical impedance spectroscopy (EIS) (on
symmetrical electrode/electrolyte/electrode samples), scanning
electron microscopy (SEM) and high temperature x-ray diffraction
(HT-XRD). EIS is performed in oxygen atmosphere under open cir-
cuit conditions, which makes this study relevant both to SOFC and
to SOEC.

2. Experimental

Presented study was performed using symmetric elec-
trode/electrolyte/electrode samples. First, dense electrolyte was
prepared using commercial CGO powder (GDC-20K, Daiichi
Kigenso Kagaku Kogyo). It was uniaxially pressed (200 MPa) and
sintered at 1350°C for 2 h. Obtained pellets were 13 mm in diam-
eter and 0.6 mm thick. The backbone was deposited using water
suspension of the same CGO powder with 10 wt.% amount of
yowder. During the deposition a single droplet of CGO suspen-
sion was dispersed on the pellet surface and dried. The process
~as repeated until desired mass of the backbone was obtained.
[hen the procedure was performed on the other side of the pel-
et. Finally, the whole structure was sintered at 1300°C for 1h.
Che average thickness of the backbone was 75 pm with approx-
mately 60% of porosity. Two types of infiltrates were prepared,
1queous nitrate salts solution [ 16] and polymer precursor based on
mnodified Pechini method [23]. The aqueous solution consisted of
anthanum, nickel, strontium and iron nitrates (Sigma-Aldrich) dis-
solved in deionised water with addition of Triton X-100 and urea.

The concentration of metal cations was 2 M. The polymer precur-
sor was prepared by dissolution of citric acid and metal nitrate salts
(Sigma-Aldrich) in water. Then it was mixed with ethylene glycol
(POCH) and heated on a hotplate to evaporate the water. Viscos-
ity and wetting properties were controlled with 2-etoxyethanol
(POCH). The final concentration of metal cations was 0.4 M. During
the infiltration procedure, the infiltrate liquid was applied on the
backbone surface and penetrated into the backbone due to the cap-
illary forces. Excess of liquid was removed and the sample was dried
and pre-calcined at 400 °C with a heating rate of 13 °C per minute.
Afterwards, the sample was weighted to control the amount of
electrode material infiltrated into the backbone. The infiltration
was repeated from 2 (aqueous solution — 14% of LSCF) to 47 times
(polymer precursor — 35% of LSCF) on each side in order to obtain
required (from 14% to 49%) volume of catalyst in the electrode (cal-
culated LSCF volume divided by the sum of LSCF and backbone
volume). It is worth mentioning that during the experiment and
annealing at 800 °C mass of the samples decreased as a result of
phase content change in catalyst material (e.g. decomposition of
strontium carbonate). Subsequently, the final LSCF amount was
lower by a factor of 0.85 than initial catalyst amount. However, this
study focuses on electrode behaviour after annealing at lower tem-
peratures, therefore the initial amount of catalyst is used in all the
figures. For electrochemical measurements, Ag paste was deposited
on top of the electrodes for current collection. Additional test with
bare backbones and Ag current collectors showed that such a struc-
ture has polarization resistance 2 orders of magnitude higher than
the one measured for the infiltrated oxygen electrodes, thus Ag cur-
rent collector does not enhance the polarization resistance of the
samples measured in this study.

Scanning electron microscopy (SEM) of the samples was
performed with FEI Quanta FEG 250. High temperature X-ray
diffractograms (HT-XRD) were recorded with Philips X'Pert Pro (Cu
Ka) with high-temperature stage in air. Powders obtained from
dried infiltrates were used in HT-XRD measurements. In order to
estimate the LSCF phase content in powders prepared from aque-
ous nitrates solution a semi-quantitative analysis, based on the
comparison of the intensity of a single reflection per one phase,
was carried out. The reflections with the reference intensity ratio
equal 1 were used for each indentified phase. It was also assumed
that absorption coefficients of the multiphase material and the con-
stituent phases are similar. This assumption may be considered as
fulfilled by the lanthanum oxide as well as the perovskite phases,
however the absorption coefficient of strontium carbonate is much
lower. So that, the phase content obtained in the case of low heating
temperatures (500°C) should be treated with caution. Electro-
chemical performance of oxygen electrodes was determined using
electrochemical impedance spectroscopy (EIS) with Novocontrol
Alpha A impedance analyzer. Spectra were taken using 4-wire con-
figuration, from 1 MHz to 0.1 Hz, with amplitude of 10 mV under
open circuit conditions. Inductance of the cell was subtracted from
the results. Selected spectra were compared using ADIS (Analysis
of Differences in Impedance Spectra) method. It enables graphi-
cal comparison between impedance spectra of electrodes with a
number of contributions to overall polarization resistance. How-
ever, unlike complex-non-linear least squares fitting it is model
independent. ADIS method is described in more details in [24].

3. Results and discussion

The results of HT-XRD analysis of material formed from aque-
ous nitrate salts solution taken at 400 °C, 600 °C and 800 °C is shown
in Fig. 1. At 400 °C, just after pre—calcination, prior to the sintering
step, nitrate salts form a set of separate metal oxides including:
SrCOs, SrFe0Os, Lay03, Fe30y4, Fe;03 and Co304. No trace of per-
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Fig. 1. HT-XRD patterns of material formed from aqueous nitrate salts solution
measured at 400, 500, 600, 700, 800 and 900 °C.

Table 1
Approximate phase content for powder obtained from aqueous nitrates solution at
different temperatures.

Temperature 500°C 600°C 700°C 800°C 900°C
SrCOs 10% 5% 5% Below 5% -
La;03 30% 25% 15% 10% 5%
La()‘(;sl'()ACOOAz Feo‘g 03_5 60% 70% 75% 80% 80%
La12SrosCoosFens0a5  — - 5% 10% 15%

ovskite LSCF phase is detected. At 500°C peaks originating from
LSCF phase become visible. Additionally there is still a significant
amount of La, 03 and SrCO3. When heated to higher temperatures
secondary phases start to disappear, however peaks correspond-
ing to Ruddlesden-Popper A;BO,4 phase become visible. The new
phase can be identified as La; 5SrggCopsFeps50,4.5. Even the pat-
tern taken at 900 °C still shows detectable amount of La;0O3 and
La;5SrggCogsFegs50,4.5. Table 1 sums up estimated phase content
of the powder at temperatures above 500 °C. Fig. 2 shows HT-XRD
patterns of material formed from polymer precursor. It can be seen
that at 400°C it is amorphous, since only reflections of platinum
sample holder are visible. Between 550 °C and 600 °C material crys-
tallizes into the perovskite phase, which is seen in the pattern
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Fig. 2. HT-XRD patterns of material formed from polymer precursor measured at
400, 600 and 800°C.

Fig. 3. SEM scan of the polished cross section of symmetrical cell infiltrated and
sintered at 800°C.

taken at 600 °C. After heating to 800 °C the peaks are narrower than
these observed at lower temperatures due to the grain growth, and
shifted towards lower angles due to the thermal expansion of the
crystal lattice. Reflections originating from any secondary phases
are not visible.

Fig. 3 shows SEM scan of the studied symmetrical cell infil-
trated with aqueous nitrates solution (35% vol.) and sintered at
800 °C. Pores were filled with epoxy to better emphasize the struc-
ture. The structure consists of four layers. They are: (A) silver
current collector, (B) layer of LSCF over the backbone, (C) back-
bone infiltrated with LSCF, (D) CGO electrolyte. Porous, flake-like
structure of the backbone suspension can be seen. SEM scan of the
CGO backbone prior to the infiltration process is and without the
epoxy filling shown Fig. 4. Grains have diameter of approximately
0.34 pm (standard deviation of 90 nm), while the backbone surface
is well-developed. Sintering temperature of 1300 °C was the low-
est, for which backbone showed adequate mechanical stability and
sufficient adhesion to the electrolyte. The relatively thin LSCF layer
over the backbone, formed during the infiltration process is shown
in detail in Fig. 5. The silver current collector was delaminated and
no epoxy filling was used. LSCF layer is approximately 1 um thick
and consists of approximately 80 nm grains (standard deviation of
20 nm). It may be beneficial since it serves as a current collector;

Fig. 4. CGO backbone before the infiltration process.
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Fig. 5. LSCF layer formed over the backbone during the infiltration process, sintered
at 800°C.

however, its impact on electrode performance was not investigated
in this study.

Fig. 6A shows SEM scan of the backbone infiltrated (35% vol.)
with polymer precursor and sintered at 600 °C (the fractured cross
section without an epoxy filling). At this point, the morphology
seen in SEM scans of aqueous solution and polymer infiltrated
backbones is undistinguishable. The infiltrated material covers the
backbone with a uniform layer, which appears to be dense. Areas
where the material was broken show grainy structure with pos-
sible mesopores. Small voids may be created due to solvent and
polymer matrix removal. This phenomenon may lead to mesopores
formation [21,25]. However, there is no definitive proof in the SEM
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Fig. 7. Area specific resistance (at 600 °C) of oxygen electrodes prepared with aque-
ous nitrate salts solution as a function of amount of LSCF in the backbone for samples
sintered at 600, 700 and 800°C.

micrographs. In Fig. 6B the sample sintered at 800 °C is shown. The
structure of LSCF became porous. This is due to spheroidization
of LSCF grains at elevated temperatures [21,26]. It is noteworthy
that unlike the aqueous nitrate salts solution, the polymer precur-
sor forms initially amorphous material. Higher strains and organic
solvent residues may affect the grain growth, leading to a slightly
finer structure [25,27]. The grain size calculated from the image
is approximately 61 nm with standard deviation of 13 nm. Fig. 5C
shows the backbone infiltrated (35% vol.) with the aqueous nitrate
salts solution and sintered at 800 °C. Its structure is very similar to
one in Fig. 4B. Slightly smaller porosity of LSCF can be noticed. The
grain size calculated from the image is approximately 81 nm with
standard deviation of 16 nm.

%ig. 6. SEM scan of the fractured cross section of the backbone infiltrated with polymer precursor, sintered at A) 600 °C and B) 800 °C, C) infiltrated with aqueous nitrate salts

solution, sintered at 800 °C.
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Fig. 8. Arrhenius plots of temperature dependence of ASR for oxygen electrodes
prepared using polymer precursor and aqueous nitrate salts solution sintered at
600°C. Inset: Nyquist plots of EIS measurements at 600°C. Filled symbols show
measurements of the second set of samples.

Fig. 7 shows the plot of area specific resistance (ASR) of oxy-
gen electrodes prepared with aqueous nitrate salts solution as a
function of catalyst (LSCF) amount. It is important to note, that
“catalyst amount” represents the volume amount of the mate-
rial created during the infiltration procedure of the electrode. The
actual LSCF perovskite phase content, which changes with the
annealing temperature, is not taken into account. The ASR val-
ues were measured at 600°C, while the samples were annealed
at different maximal temperatures, i.e. 600, 700 and 800°C. For
the lowest amount of LSCF, which is 14%, ASR is the highest,
namely 0.39 Q cm? after annealing at 600°C. Additionally, this is
the only sample that exceeds 1 cm?2 after annealing at 800°C.
This caused by the agglomeration of LSCF grains, which can lead
to their separation and drastic drop in number of electron perco-
lation paths [28]. Increase of LSCF amount results in ASR dropping
below 0.3  cm? for samples annealed at 600 °C. The lowest value
is obtained with 35% of LSCF, namely 0.21 2 cm?. At this point, dif-
ference between electrochemical behaviour of samples annealed
at 700°C and 800°C becomes smaller, then between 600°C and
700°C. It can be seen that increasing the LSCF amount over
35% vol. slightly increases the polarization resistance. Possibly,
the increased amount of LSCF material in the backbone leads to
decreased gas permeation and/or decreased triple-phase-boundary
due to a better CGO grains coverage. Moreover, the lowest sintering
temperature of 600 °C provides the best performance of the oxygen
electrode. Therefore, the results obtained for the electrodes with
35% of LSCF sintered at 600 °C are further investigated.

Fig. 8 shows Arrhenius plots of temperature dependence of ASR
for oxygen electrodes prepared using polymer precursor and aque-
ous nitrate salts solution sintered at 600°C. While they have the
same overall activation energy (1.15+0.01 eV), ASR of the elec-
trode prepared through the infiltration of polymer precursor is the
lowest, e.g. 0.16 2 cm? vs. 0.21 £ cm? at 600 °C. These impedance
spectra are plotted in the inset, with series resistance subtracted.
The inset also contains spectra of the second set of samples, which
are hardly different. Polarization resistance was fitted with three
CPE-R elements. The high - and middle - frequency elements
are associated with the oxygen reduction reaction and transport
through the interface, respectively, while the low-frequency ele-
ment is usually associated with the limited gas diffusion through
the electrode [29]. There is no significant difference between the
third (diffusive) features of the two spectra. The high and middle
frequency features show similar characteristic frequency, which
makes them difficult to separate. The difference between these two
spectra is shown in ADIS plot in Fig. 9. This plot shows the improve-
ment in the case of the polymer infiltrated electrode in the range
of 100Hz to 10 kHz with maximum at 400 Hz. This range can be

20+
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Fig. 9. ADIS analysis of oxygen electrodes prepared using polymer precursor and
aqueous nitrate salts solution sintered and measured at 600 °C.

attributed to both oxygen surface exchange and interfacial resis-
tance between LSCF and CGO [29]. However, it is the second feature
of the spectrum (often associated with interface resistance [29])
which is the largest one.

ASR at 600°C presented in this study is slightly lower
(0.16 2cm?) than the results showed for optimized, brush
painted Lag Srp4CogFepg03_5 SOFC cathodes sintered at 800°C
- 0.24Qcm? [21]. Similarly, Hildenbrand showed screen-printed
SOFC cathodes with ASR of 0.21 2cm? [30]. Tape-casted, func-
tionally graded SOFC cathodes by Liu had ASR of ~0.5 Q2 cm? at
600°C [31]. On the other hand, oxygen electrodes with a higher
cobalt amount prepared by the infiltration method showed ASR
below 0.1 2 cm? at 600°C [32,33]. It should be noted that in the
presented study the backbone structure was not optimized which
may caused increase in the polarization resistance. Despite this, it
was showed that infiltrating of polymer precursor results in better
oxygen electrode electrochemical performance compared to these
obtained with commonly used aqueous nitrate salts solution.

4. Summary

It was shown that utilization of polymer precursor instead of
aqueous nitrate salts solution in infiltration method decreased
electrode polarization resistance from 0.212cm? to 0.16 2 cm?
at 600°C for electrodes with 35% of initial amount of LSCF-based
catalyst. Polymer precursor forms the single perovskite phase at
temperature as low as 600°C, contrary to aqueous nitrate salts
solution, which is still impure after annealing at 900°. Addition-
ally, it is more likely to obtain mesoporosity due to the polymer
matrix decomposition. Amount of 35% of catalyst in the oxy-
gen electrode showed the best performance. However, while the
method of infiltration with polymer precursor enables preparation
of single-phase, highly performing perovskite oxygen electrodes at
temperature as low as 600 °C, it requires significantly more infil-
tration steps than in the case of aqueous nitrates solution.
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