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Abstract

A proton-conducting membrane involving modified barium cerate BaCe(9Y( 03 was obtained in the form of gas-tight
ceramic tape. Monophase CagosBagosCepoY0.103 (SCBCY) powder and an organic medium consisting of polyvinyl
butyral used as a binder, a plasticiser based on carboxylic acid esters, and a mixture of ethanol and methyl ethyl ketone
were used to prepare slurry for the tape-casting process. Gas-tight ceramic tapes involving SCBCY and sintered samples
were tested as electrolytes in hydrogen—oxygen button solid oxide fuel cells within the temperature range 500-750 °C.
Variations in OCV and ohmic resistance (R,) were determined within this range. A considerable decrease in R value was
recorded for SCBCY tape compared to SCBCY sintered samples. A series of symmetrical cells with SCBCY electrolytes
was analysed. The lowest ASR values for the investigated cells were found for a newly elaborated LSCF-5CBCY cathode
as well as for a Ni-SCBCY anode. These electrode materials appear to be suitable for SCBCY-electrolyte-supported solid
oxide fuel cells.
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components for developing cost-effective SOFCs operating
within an IT range of 500-700 °C. Protons are charac-
terised by greater mobility than oxygen ions because of
their much smaller size. The diffusion of protons is also
much less temperature dependent than that of oxygen ions.
Therefore, at lower temperatures, it is potentially easier to
obtain greater conductivity for proton conductors than for
oxygen ion conductors. This provides a strong incentive (as
well as the potential) to lower electrical resistivity and to
improve chemical stability in gas atmospheres involving
CO, or H,O [8, 9]. Previously, it had been found that the
partial substitution of barium for calcium in (Ba;_,Cay)
MpoY(.1)O3 solid solutions, where M = Ce, Zr and
0 < x< 0.1, led to an improvement in electrical conduc-
tivity compared to initial BaM¢Y( 03, M = Ce, Zr,
samples [10].

Some potential strategic actions were elaborated to
improve the physicochemical properties of BaCeO3-based
materials [11-13]. It was found that the introduction of
strontium into Ba;_,Sr,Ce¢Y( 103, where 0 < x < 0.2,
led to a small decrease in ionic conductivity compared to
the initial BaCe(¢Y( ;05 material, but improved chemical
stability in gas atmospheres involving CO, or water
[14, 15]. An elaborated method involving the fabrication of
a thin layer of proton-conducting ceramic appears to be one
possible way to lower electrical resistance. Tape casting is
a low-cost process particularly well suited for the fabrica-
tion of thin (100-1000 pum) flat components for solid oxide
fuel cells, enabling the production of a wide variety of
controlled morphologies, from highly porous to fully dense
microstructures such as electrodes and electrolytes
[16-19]. It is widely known that a planar electrolyte-sup-
ported SOFC constitutes an attractive geometry for an
SOFC stack configuration for which relatively large and
flat cell components are required [20, 21].

Costa et al. [22] investigated the potential for forming
BaCe9Y( 05 ceramic tapes using aqueous or non-aque-
ous slurries. It was found that a water-based system was
unsuitable for manufacturing ceramic tapes involving bar-
ium cerate due to a strong tendency towards rapid
hydrolysis. On the other hand, the application of a tape-
casting system involving an organic medium enabled the
fabrication of a BaCe( Y ;05 electrolyte as well as NiO-
BaCe Yy 105 anode-based materials. The analysis of the
results is limited to X-ray diffraction analysis and SEM
observation of the obtained materials. The literature is
lacking in data reflecting the analysis of physicochemical
properties of BaCeOs-based ceramic tape crucial for
application as an electrolyte support in the construction of
an intermediate temperature solid oxide fuel cell.

The aim of this study was to elaborate an organic tape-
casting method for the fabrication of ceramic tape
involving a BapgsCaposCepoYp.103 membrane as a
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component of an electrolyte-supported SOFC. Special
attention was paid to: (1) determining the physicochemical
properties of BaCeQOj3-based tape; (2) elaborating cathode
and anode composite materials suitable for the construction
of a BajgsCagosCen oY 103-tape electrolyte-supported
solid oxide fuel cell which could be operated in the tem-
perature range 500-750 °C.

Experimental
Bag.95Cag 05Ce.9Yo.103 powder preparation

Bag.05Cag05Cep9Y.103 (hereafter: SCBCY) monophase
powder was synthesised by means of a solid-state reaction.
The starting reagents used to synthesise SCBCY powder
were barium carbonate and calcium carbonate (Avantor
Performance Material Poland S.A, p.a.), yttrium(III) oxide
(Sigma-Aldrich, 99.99%), and cerium oxide (Acros
Organics, 99.9%). Stoichiometric amounts corresponding
to the formula Bag 95Cag95CegoYo.103 were homogenised
and milled in a planetary ball mill (Retsch PM 100). A
small portion of mixed reagents corresponding to the for-
mula Bag 95Cag ¢5CepoYo.103 was calcined within a tem-
perature range of 900-1150 °C for 2 h. Following
calcination, analysis of phase composition was performed
using X-ray diffraction analysis. The monophase of
S5CBCY was found at a temperature of 1150 °C. It was
decided to synthesise a 200-g portion of powder at 1200 °C
for 2 h. The SCBCY powder was ground in dry ethanol
with zirconia grinding media.

Preparation of slurry and 5CBCY ceramic tapes

The organic medium used for tape casting included poly-
vinyl butyral (Kuraray Europe GmbH) used as a binder, a
plasticiser based on carboxylic acid esters (Zschimmer &
Schwarz), and a mixture of ethanol (Avantor Performance
Material Poland S.A, p.a.) and methyl ethyl ketone
(Chempur, Poland) used as a solvent. The SCBCY powder
was mixed in a polythene container with an organic med-
ium at a mass ratio of 54:46, attaining the form of slurry,
which was then mixed and ground by means of ball milling
to ensure homogenisation and destruction of agglomerates.
The grinding process proceeded for 24 h, using high-speed
rollers. The resulting slurry underwent deaeration for 24 h
at a reduced rotation speed and subsequently for 2 min in
low-pressure conditions. Then the slurry was transferred to
a tape-casting device. The gap between the ‘doctor blade’
(cast squeegee) and tape-casting table surface amounted to
0.8 mm. Green tape was cast at the rate of 2 cm s~ ' on a
PTFE surface covered with anti-adhesive coating. Subse-
quently, the tape was dried in an air-conditioned room for



Physicochemical properties of ceramic tape involving Caggs Bagos CegoYo as an... 97

24 h. After the drying process, the thickness of the tape
was 0.28 mm. At this stage, 28-mm disc-shaped samples
were laser-cut from the tape. The SCBCY samples were
sintered within a temperature range of 1450-1600 °C. The
S5CBCY ceramic tapes characterised by the highest relative
density were selected for further investigations.

Electrochemical investigations of 5CBCY ceramic
electrolytes in symmetrical solid oxide cells

and in hydrogen-oxygen solid oxide fuel cells
The following solid oxide cells
investigated:

H,, Pt5CBCYIPt, O,

0O,, LSCFI5SCBCYILSCF, O,

0,, LSCF-GDCI5CBCYILSCF-GDC, O,

O,, LSCF-5CBCYI5CBCYILSCF-5CBCY, O,
H,, Ni-5CBCYI5CBCYINi-5CBCY, H,

single-button were

AEE Nl

In the case of cell (1), the SCBCY electrolyte was
manufactured in the shape of discs (diameter ~ 20 mm),
but differences in thickness were applied in this study:
S5CBCY ceramic tape with a thickness of 0.14 mm (here-
after: SCBCY-T), and disc-shaped sintered samples with a
thickness of 1.4 mm (hereafter: SCBCY-S). Porous plat-
inum electrodes (the active surface of each electrode
equalled about 1.3 cm?) were applied in the initial elec-
trochemical tests described in this paper. The electrodes
were screen-printed from commercial Pt paste. Electrolytes
with Pt electrodes were heated at 1000 °C for 1 h to obtain
porous forms for both electrodes.

(Lag.60S10.40)0.95C00.20F€0.8003 -5 (LSCF) was chosen
from the group of oxide cathode materials for this inves-
tigation of the potential of prepared optimised cathode
materials for an electrolyte-supported IT-SOFC with a
5CBCY electrolyte. Although LSCF is known to be a good
cathode material for an IT-SOFC with a ceramic oxide
electrolyte, some authors have reported that it also seems to
be a promising cathode for SOFCs with a ceramic proton-
conducting membrane [23, 24]. The electrochemical
behaviour of an LSCFISCBCY interface under prolonged
cathodic polarisation was investigated. Two kinds of LSCF
electrode were applied in this study. In the first case, a
quasi-point electrode was made from dense sintered LSCF.
The LSCF samples were prepared from commercial pow-
ders supplied by Fuel Cell Materials, USA. The pellets
were isostatically pressed under 250 MPa and sintered at a
temperature of 1200 °C for 24 h. LSCF cathodes were
formed from previously sintered samples in the shape of
pyramids by means of a circular saw and diamond files.
LSCF quasi-point electrodes were placed along with a
5CBCY ceramic electrolyte in a custom-designed, hand-
made electrochemical setup [25, 26]. Only the end of the

pyramid pointed at the cathode was placed in contact with
the electrolyte. Electrochemical measurements of an
LSCFISCBCY system under prolonged polarisation, under
negative potential from — 0.05 to — 0.7 V, were per-
formed in air at 700 °C for 100 h. A porous monophase
LSCF cathode and an LSFC-GDC cathode (thick-
ness ~ 35 um) were manufactured using the screen
printing method. Commercial LSCF or LSCF-GDC paste
was screen-printed on both sides of the electrolyte sample
and then sintered at 1200 °C for 2 h with a heating and
cooling rate of 1°C min~'. A new composite LSCF-
SCBCY cathode was also elaborated and investigated in
this study. LSCF-5CBCY cathode composite paste was
obtained by mixing equal equilibrium amounts of LSCF
and SCBCY powders in an agate mortar and then adding
the organic carrier. The prepared paste was applied via
screen printing to the SCBCY electrolyte surface. An
attempt to elaborate new Ni-SCBCY anode material for a
S5CBCY electrolyte-supported IT-SOFC was also under-
taken. Ni-SCBCY anode composite paste was prepared by
mixing 5CBCY electrolyte powder with nickel oxide
powder (Acros Organics) in an agate mortar. Subsequently,
an organic carrier was added and ground to a homogeneous
consistency. The prepared paste was applied by screen
printing to the SCBCY electrolyte surface. The anode was
heated at 1400 °C for 4 h in air. In this way, a series of
symmetrical solid oxide fuel cells (2)-(5) with SCBCY
tape were obtained.

Symmetrical button solid oxide fuel cells (2)—(5) with
porous LSCF, LSCF-GDC, and LSCF-5CBCY cathodes
were used to determine polarisation resistance R, and area
specific resistance ASR within the temperature range
550-700 °C.

Electrochemical measurements were performed using a
Solartron SI 1287 Electrochemical Interface with a 1255B
Frequency Response Analyzer. Measurements were per-
formed in dry and wet air for cell (2) with LSCF electrodes.
The amplitude of the sinusoidal voltage signal was 10 mV.
The Minuit [27, 28] program was used to fit the parameters
of the equation describing the assumed equivalent electri-
cal circuit (EEC).

Analytical methods of evaluation

of the physicochemical properties of a 5CBCY
electrolyte prepared in the form of powder
and as a ceramic tape

XRD measurements with a PANalytical Empyrean system
employing monochromatic CuKa radiation was used to
determine the phase composition to determine the phase
composition of SCBCY applied powder, sintered ceramic
tape, an LSCF-C5BCY composite cathode, and Ni—
S5CBCY anode material. The lattice parameters of all
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investigated materials were determined using the Rietveld
method. The morphology of SCBCY particles was then
observed using scanning electron microscopy (SEM).
Ultra-high-resolution scanning electron microscopy with a
Nova NanoSEM 200 (FEI Europe) was used for all SEM
observations.

The particle size distribution of ground SCBCY powder
was determined in an ethanol suspension with a Master-
sizer 2000 (Malvern Instruments) laser particle size anal-
yser. The surface area of the powder was determined using
the isotherm BET method (Nova 1200e, Quantachrome
Instruments). The powder was subsequently applied to the
preparation of slurry for the tape-casting process.

Thermal analysis (TGA-DTA, STA 449 F3 Jupiter
thermal analyser, NETZSCH, USA) was used to determine
the thermal effect occurring during the heating of green
tape prepared from SCBCY within a temperature range of
20-1000 °C. The measurements were performed in air; a
ramp of 10 °C min~' was applied. Confocal microscopy
(Olympus LEXT OLS4000) was used to observe the sur-
face of the SCBCY tape before sintering. Dilatometry was
used to determine the variations in the dimensions of
samples heated within a temperature range of 25-1600 °C.
The samples were measured using a NETZSCH model DIL
402. The density of SCBCY samples was determined using
the Archimedes’ method. Scanning electron microscopy
was used to observe the microstructure of SCBCY tape
sintered in air in a temperature range of 1450-1600 °C for
2 h. SEM observation was also carried out for the
microstructure of the obtained LSCF, LSCF-5CBCY, and
Ni—5CBCY electrodes as well as for a cross section of the
5CBCY sintered ceramic tape and cross sections of all
investigated SOFC cells.

Results

Figure la presents the XRD patterns recorded for SCBCY
powder following calcination at 1200 °C for 2 h and for
samples formed from this powder sintered at 1500 °C for
2 h. The increase in heating temperature to 1500 °C caused
the characteristic reflections of BaCeOj3 to become stronger
in terms of intensity compared to those calcined at
1200 °C. In a comparative analysis of the XRD diffraction
patterns of SCBCY recorded both for powder (A) and for
sintered and isostatically pressed samples of SCBCY
powders (B), no considerable differences were observed.
On the basis of X-ray investigations and Rietveld analysis,
it was found that the obtained solid solutions of Baggs.
Cag95CepoY(.10;5 crystallise in rhombohedral structure in
the space group R3c; however, the presence of a trace
amount of BaCe, Y105 orthorhombic phase cannot be
excluded. Figure 1b shows the X-ray diffraction patterns
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recorded for an LSCF cathode (C), SCBCY tape sintered at
1600 °C (D), and LSCF-5CBCY composite cathodes (E).
The recorded XRD pattern for (C) reflects monophase
LSCF cathode material [29, 30]. In Fig. 1b, an XRD pat-
tern was also recorded for an LSCF-5CBCY composite
cathode. The introduction to LSCF of SCBCY as a second
phase, aimed at the preparation of a composite cathode and
its thermal treatment at 1200 °C for 2 h caused an increase
in the lattice parameters of LSCF material compared to the
monophase cathode previously shown in XRD pattern (C).
The analysis of XRD patterns (C) and (D) showed LSCF as
possessing hexagonal symmetry. Based on the XRD pat-
tern recorded for the LSCF sample (C) only, the calculated
lattice parameters were a = b = 5.494 A, and ¢ = 13.411
A. In the case of the LSC-5CBCY composite cathode, an
increase in lattice parameters to a = b = 5.5076 A was
recorded. Lattice parameter c also increased, to 13.4128 A.
The observed phenomena indicated the mutual reactivity
between the LSCF and SCBCY components of composite
cathodes. There is no data existing in the literature
explaining the possible mechanism of chemical reactivity
between LSCF and SBCY components. The increase in the
a and b lattice parameters can be directly attributed to the
diffusion of (barium or calcium) cations from Baggs.
Cag5Cep.0Y.103 into LSCF perovskite during high-tem-
perature treatment. These facts caused the enrichment of
the LSCF cathode with calcium or barium and a conse-
quent reduction in the concentration of these elements in
the Bag 95Cag 0sCepoY0.105 electrolyte. It was previously
found that increase of deficiency in Ba;_4Cey9Y( 103 can
lead to variation in the symmetry of the crystal structure of
BCY [14, 31, 32]. These statements are in close agreement
with the observed regular symmetry of BajgsCag 05Ceq.o.
Y103 in the XRD pattern.

The physicochemical properties of ceramic powder used
to prepare slurry for tape casting are crucial for obtaining
high-quality green tape (i.e. smooth, no cracks, no dispar-
ities in thickness). The ceramic powder must be homoge-
neously dispersed in the slurry. Important factors include
particle sizes and surface area. A narrow particle size
distribution is crucial for ceramic tape casting, as it pre-
vents grain segregation while the green tape is drying.
Uneven grain distribution in green tape leads to the for-
mation of defects at the sintering stage. The particle size
distribution of the SCBCY powder used is presented, along
with its morphology, in Fig. 2a, b.

The dependence of particle sizes (Fig. 2a) on volume
indicated that this distribution is rather narrow: 80 vol% of
all SCBCY particles range in size from 2.42 to 20.99 um.
The parameters Dyy (2.42 um), Dsg (5.64 um), and Dy
(20.92 pm), determined by means of particle size analysis,
were also calculated. Analysis of SEM images (Fig. 2b)
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Fig. 2 Distribution of particle sizes for SCBCY powder used in the tape-casting process (a) and The SEM image of SCBCY powder (b)

shows that SCBCY powders are characterised by isometric

particle sizes ranging from 0.5 to 20 pm.

The same form of agglomerates was observed using
SEM. The data obtained from laser measurements are in
close agreement with the SEM analysis. The isometric
shape of SCBCY particles and their narrow size distribu-
tion are favourable for the preparation of slurry for casting.

The obtained green tape was flat and flexible. Confocal
microscopy (Fig. 3) was used to inspect the surface of the
tape. As can be seen, this observation confirmed that the
surface was flat and that no defects were to be found. No
differences in thickness or roughness were noted during

Fig. 3 Confocal image for the surface of SCBCY green tape
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inspection of the fabricated tape. The presented results
confirmed that the applied synthesis and grinding condi-
tions for preparing the 5CBCY powder and selected
organic binder enabled the acquisition of defect-free
5CBCY ceramic tape.

During the sintering process, SCBCY green tape was
subjected to the irreversible variation that occurs with an
increase from room temperature to the final heating tem-
perature. Knowledge of the thermal effects which occur
during temperature increases is necessary for the elabora-
tion of suitable sintering conditions in order to release the
organic medium from the ceramic part, to reduce porosity,
and to obtain gas-tight samples without cracks or certain
defects.

The DTA and TG curves recorded for SCBCY green
tape in air within the temperature range 25-1000 °C are
presented in Fig. 4. Analysis of DTA and TG curves
indicated small mass losses on the latter within the tem-
perature range 25-250 °C. These may be directly related to
solvent evaporation. The first recorded thermal effect on
the DTA curve is narrow, with one high-intensity
exothermic peak at 346 °C and another small exothermic
peak at 463 °C. These peaks may be directly connected
with the thermal decomposition of organic binders. Above
470 °C up to 1000 °C, there was a constant mass loss
recorded by TG (~ 5%).

Figure 5 shows the densification behaviour of SCBCY
ceramic tape heated at a constant rate of 5 °C min~' within
a temperature range of 25-1550 °C. Sintering of ceramic
tapes started at a temperature of about 1308 °C, Up to
1550 °C shrinkage of 17.4% was measured for SCBCY
tape. The recorded data from dilatometry measurements
agree closely with the results obtained from density mea-
surements. The relative density of SCBCY ceramic tape at
a temperature of 1550 °C reached 95% of theoretical

105 - 0.5
345.7°C — _ 16

---DTA
100 D 04

95

90

Mass/%
DTA/1V/mg

85

80 ...

75

T T T T
0 200 400 600 800 1000
Temperature/°C

Fig. 4 DTA and TG curves recorded for a SCBCY ceramic tape

@ Springer

density. An increase in relative density up to 98% was
found for a SCBCY sample sintered at 1600 °C.

A ceramic electrolyte designed for planar SOFC appli-
cation should be contained in flat and dense tape with a
homogenous microstructure. Electrolytes for SOFC appli-
cation require a relative density above 95 wt%. The pres-
ence of porosity leads to a decrease in ionic conductivity
and the mechanical properties of ceramic shapes.

SEM observation of a sintered SCBCY sample at
1600 °C for 2 h and of a cross section of the symmetrical
cell LSCFISCBCYILSCF (Fig. 6a, b) was also conducted.
The sintered SCBCY tape was characterised by a uniform
microstructure with rather isometric grains, 5-10 pm.
Figure 6b reflects a dense electrolyte layer with a thickness
of approximately 170-200 pm. Negligible porosity was
noted in the observed cross section of the SCBCY elec-
trolyte. Strong adhesion of LSCF layers (~ 35 um) was
observed on both sides of the SCBCY tapes. Figure 6¢
shows images of newly prepared NiO-5CBYISCBCYINiO-
SCBY anode materials. Porous anode layers without
delamination were obtained on both sides of the dense
SCBCY electrolyte.

Elaborated gas-tight Bag 95Cag 05Ce9Y0.103 (SCBCY)
ceramic tape was first tested as an electrolyte in a hydro-
gen—oxygen solid oxide fuel cell (cell 1) operating within
the temperature range 400-800 °C. Figure 7 presents the
dependence on temperature of the open-circuit voltage
(OCV) recorded for an SOFC with a SCBCY electrolyte. In
this graph, two different measurement series of the OCVs
obtained for an SOFC with a SCBCY electrolyte were
analysed: involving, first, S5CBCY ceramic tape
(~ 0.16 mm) within the temperature range 500-750 °C,
and second, a SCBCY sintered sample as an electrolyte
(thickness: 1.4 mm).

All measurements were performed in analogous condi-
tions. OCV values calculated using the Nernst equation
were also included in the graph. Analysis of these values
within the temperature range 450-750 °C indicated a cor-
relation between a slight decrease in OCV values and
increasing temperatures. Within a temperature range of
500-600 °C, the OCV of cell (1) reached values slightly
higher than 1 V. The measured values of OCV from the
PtISCBCYIPt cell within the temperature range 500-600 °C
in series (1) and (2) were very close to 1 V. A decrease in
OCV values was observed within a higher temperature
range, i.e. 650-750 °C. In other research, Z. Sun et al. also
recorded a decrease of OCV values for a hydrogen—oxygen
SOFC with BaZry9Yo 03 or BaZrg oY O3 with a calcia
addition in the temperature range 500-700 °C. In the case
of PtlBaZryoY( 03Pt or PtlBaZryoY( 05 + 4% mol
CaOIPt SOFC cells, a marked tendency towards a decrease
in OCV values was also observed at temperatures higher
than 600 °C. An increase in electron—hole conduction in
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Fig. 6 a—c SEM image of microstructure of a SCBCY tape sintered at 1600 °C for 2 h (a) and cross section: LSCFISCBCYILSCF (b) and Ni—
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Fig. 7 Dependence of the open circuit voltage (OCV) of cell (1)
versus temperature, recorded within temperature range of 500-750 °C

BaZrOs-based electrolytes in an air atmosphere at higher
temperatures was pointed out as the main reason for the

reduced OCVs in the investigated cells. In the case of the
PtiBaZry Yo 105 + 4%mol CaOIPt cell, an OCV value of
about 0.93 V was recorded at 700 °C, compared to 0.99 V
at 500 °C [33, 34]. Very similar values of OCV were
reached for a PtISCBCYIPt cell at the above-mentioned
temperatures. In the case of BaCeOs-based materials, the
OCV drop may result as well from a decrease in the ionic
transport number at higher conductivity due to a possible
increase in partial electronic conductivity.

Based on the initial electrochemical investigations of an
IT-SOFC involving a SCBCY electrolyte, the high values
of OCV obtained for cell (1) also confirmed the gas-
tightness of the electrolyte manufactured in the form of
ceramic tape as well as in that of a pressed and sintered
sample.

Electrochemical impedance spectroscopy (EIS) enabled
determination of the comparative ohmic resistance R of a
hydrogen—oxygen SOFC involving SCBCY sintered cera-
mic tape and a SCBCY sintered disc sample as electrolytes.
Based on the analysis of data obtained via EIS measure-
ment (Fig. 8), it was found that the R, in SOFC (1),
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Fig. 8 EIS spectra recorded for cell (1) involving an SCBCY-T or
5CBCY-S at 700 °C in dry air

involving a ceramic electrolyte with SCBCY ceramic tape
at 700 °C, was significantly lower than in an SOFC with
the same electrolyte in the form of shaped discs. The
obtained EIS spectra presented in Fig. 8 consist of a high-
frequency (HF) inductive part and one or more depressed
semicircles. The HF real-axis intercept of the spectra was
assumed as the value of R.

An increase in temperature also reduced the ohmic
resistance R of a single SOFC cell (1). Figure 9 presents
the relationship between ohmic resistance Ry and temper-
ature for cell (1) involving SCBCY ceramic tape or a
5CBCY sintered sample. A reduction in the thickness of
the SCBCY electrolyte considerably reduced the ohmic
resistance of cell (1) in the investigated temperature range
of 400-750 °C.

45 T T T T T T
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35 . 5CBCY-S
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20

Rs/Qcm?2
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10 o0

5CBCY-T e,

T T T T T T T
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Fig. 9 Variation of ohmic resistance Ry determined using EIS method

for cell (1) within in temperature range of 500-750 °C
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One of the strategic goals leading to the improved per-
formance of a SOFC with a SCBCY electrolyte should be
the identification of a suitable cathode material. The oxy-
gen reduction reaction (ORR) occurring at the cathode of a
SOFC causes most of the energy losses, leading in turn to a
reduction in the cell’s energy efficiency. In the case of a
ceramic fuel cell with a proton ceramic membrane, water is
formed on the cathode side, complicating the cathode
reaction mechanism and resulting in a higher level of
polarisation resistance in the cathode. Although significant
efforts have been exerted towards developing suit-
able cathodes for ceramic fuel cells with proton-conducting
membranes (PCFCs), the problem of selecting an optimum
cathode material has not yet been solved. Information
describing the electrochemical behaviour of an LSCF
cathode under long-term cathodic polarisation is lacking. In
this study, quasi-point electrodes as well as classical porous
LSFC electrodes were applied.

In this study, the impact of the electrochemical beha-
viours of a quasi-point LSCF and a porous cathode on
polarisation over a range from — 0.05 to — 0.7 V at
700 °C was studied using the chronoamperometric method
(CA). The typical dependencies of the currents flowing
through the LSCF electrode at negative step polarisation
E = — 0.05 to — 0.60 V recorded for a SCBCY sample at
700 °C in dry air are depicted in Fig. 10. Generally, within
the applied potential range (from — 0.05 to — 0.5 V), the
current reached a fairly stable value over time for both
types of applied electrodes. The impedance spectra
(Fig. 11) before and after polarisation are almost identical,
showing that polarisation did not affect the electrode’s
properties.

The impedance spectra obtained for symmetrical cells
(2) can be divided into up to four partially overlapping
capacitive semicircles. Low- and medium-frequency
semicircles usually depend on oxygen partial pressure,
which can be ascribed to processes connected to the ORR,
whereas high-frequency semicircles are associated with
electrolyte conductivity. Capacitive arcs are represented in
an EEC by a capacitor and resistor connected in parallel (R,
C). Capacitors are replaced by constant phase elements
(CPEs) whose impedance can be expressed by the fol-
lowing formula [28]:

L RY
ZCPEi—m > ; (1)

where i is the index denoting the various elements in the
EEC in question; j is an imaginary unit; f is the frequency;
Jo is the frequency of reference, assumed to be 1 kHz; C; is
the capacitance at the frequency of reference; and « is a
coefficient close to 1 for an ideal capacitor, usually
assuming a value in the range 0.5-1.0. The impedance of
an electrolyte is represented by the resistor Ry. The applied
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Fig. 11 Nyquist plots recorded for an LSCFISCBCY system before
and after applied polarisation at — 0.5 V at 700 °C

EECs and a sample of recorded spectra are presented in
Fig. 12.

The values of R, for a BCY electrolyte are slightly
higher than those reported in the paper [23]. This is, for the
most part, directly connected with the electrolyte’s greater
thickness (30-35 pm), as well as with the architecture of
the LSCF electrodes obtained in our studies, compared to
the thickness (4-5 um) of LSCF cathodes applied in the
electrochemical studies described in the cited paper
[23, 24]. The calculated ASR values vs temperature for

electrochemical activity is the effect of addition of oxygen-
ion conductor and could be attributed to the improvement
on the surface exchange dynamics or providing the alter-
native oxygen diffusion path.

Some authors have reported that the electrochemical
behaviour of LSCF- or SSC-infiltrated GDC O-composite
electrodes in symmetrical cells exhibits lower polarisation
resistance [36]. In this study, the introduction of the oxide-
ion conductor GDC to the LSCF electrode did not lead to
an improvement in performance compared to a monophase
LSCEF electrode. The lowest ASR value in the investigated
temperature range was observed at 550-700 °C for the
LSCF-5CBCY electrode. A decrease in cathode polarisa-
tion resistance was observed due to an increase in ionic
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Fig. 12 Example of results of fitting applied EECs for SCBCY ceramic tape of recorded spectra at 700 °C
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Fig. 13 Calculated ASR values versus temperature for cells (3-5)
with SCBCY-T

(oxide/proton) conductivity within a temperature range of
500-600 °C.

Figure 13 presents the ASR values determined for
H, Ni-5CBCYI5SCBCYINi-5CBCY,H, in the same tem-
perature range. As can be seen, the elaborated Ni-SCBCY
appears to be a suitable anode for an E-SOFC operating
with a SCBCY electrolyte. These results confirmed the
actual potential for constructing a 5CBCY-electrolyte-
supported SOFC with a LSCF-5CBCY cathode and a Ni—
5CBCY anode.

Conclusions
Slurry for preparing a BagosCaggsCenoYo 05 ceramic

tape was successfully obtained from monophase ground
5CBCY powder originating from a solid-state reaction, in

@ Springer

combination with organic binders. Flat gas-tight SCBCY
ceramic tape was obtained after sintering at 1600 °C for
2 h in air. The uniform microstructure of the tape, with
grains 1-10 um, was observed with the use of SEM. The
initial electrochemical tests performed on solid button
oxide fuel cells confirmed the high quality of the prepared
ceramic tape from the SCBCY electrolytic material. The
superiority of an IT-SOFC with SCBCY ceramic tape, as
opposed to SCBCY disc samples, was proven. The ASR
values obtained for a newly elaborated LSCF-5CBCY
composite cathode are compatible with its application as a
component of a SCBCY electrolyte-supported solid oxide
fuel cell. A Ni-5CBCY composite anode with lower ASR
resistance was also elaborated.
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