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Characterisation of LaggSro4C0o2Fe0503.5- BaosSrosC0osFe203.5 composite as
cathode for solid oxide fuel cells
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Mixture of LaogeSro4Coo2FepsOs.s and BaosSrosCoosFeo20s.5, was investigated as promising cathode for
intermediate temperature solid oxide fuel cells (IT-SOFCs). The two perovskites possess high catalytic activity for the
oxygen reduction (ORR), although some problems related to their chemical and structural stability have still to be
overcome in view of improving durability of the cell performance. The achievement of a stable and high-performing
composite material is the aim of this study. In principle, chemical equilibrium at the LSCF-BSCF interface may be reached
through ions interdiffusion during the sintering process, resulting in the chemical stabilization of the material. The
composite-cathode deposited on CepsSmg 2025 electrolyte was then investigated by Electrochemical Impedance
Spectroscopy (EIS) as a function of temperature, overpotential and time. The results exhibited an interesting
electrochemical behavior of the electrode toward oxygen reduction reaction. XRD analysis was performed to detect
structural modification during thermal or operation stages and it was found that after the sintering the two starting
perovskites were no longer present; a new phase with a rhombohedral Lao 4SrosFeOs-type structure (LSF) is formed. An
improvement in composite cathode durability has been detected under the considered operating conditions (200 mAcm-
2, 700 °C) in comparison with the pure BSCF electrode. The results confirmed this new electrode as promising system
for further investigation as IT-SOFC cathode.

Keywords: SOFC cathode, long-term stability, LSCF-BSCF.

INTRODUCTION

One of the main goals for solid oxide fuel cells
is the reduction of operating temperature below
800 °C to improve long-term stability and reduce
costs. On the other hand the lowering of operating
temperature causes a reduction in performance,
mainly due to the high activation energy required for
oxygen reduction reaction at the cathode [1,2].

Different efforts have been made to investigate
new kind of materials and microstructure with the
aim to understand which phenomena are responsible
of the cathode performance changes as a function of
time, thermal cycling, operating conditions and
others factors [1,3-5].

One class of materials widely investigated are
perovskite, with a general formula ABOs; the A-site
is occupied by lanthanides or alkaline earth metals,
B-site contains cations of transition metal as Fe and
Co. In particular the attention has been focused on
the materials that shown a large ionic and electronic
conductivity with a good electrocatalytic reduction
of oxygen [6].

Bao5Sro5C00.8F€0.203-5 (BSCF) and
Lao6Sro.4Coo2Fe0s0s5 (LSCF) are two perovskites
evaluated as promising cathode materials by several
studies [7,8]. Excellent properties of BSCF were
presented by Shao et al. [9] at the beginning of 2000.
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This material showed a very high performance for
temperature lower than 600 °C.

LSCF has been considered a possible electrode
material thank to its electronic conductivity, over
300 S-cm® and oxygen conductivity near to
0.1 S-em™ at 800 °C, with consequent good results
[10,11].

Nevertheless these two materials are affected
by two main problems: stability and durability.
LSCF suffers of La and Srinter diffusion pointed as
the reason of degradation; in fact the cation
interdiffusion to electrode/electrolyte interface leads
to the formation of an insulating phases as LaZr,0
(LZO) or SrzZrOsz (SZO) when yttrium stabilised
zirconia (YSZ) is used as electrolyte [12,13]. The
presence of these phases has a negative effect on
ionic conductivity, reducing the global cell
performance. A possible solution, to avoid the
formation of the insulating layer, is the application
of an interlayer made by Gdo2CeosOs5 (GDC) or
Smo,Ceos0ss (SDC) between cathode and
electrolyte or as directly as electrode [13,14].

A further solution to block the Sr segregation is
the modification of surface chemistry through the
infiltration technique. In this case LSCF cathode
backbone was infiltrated by a stable compound rich
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in Sr[15], with the formation of a phase spread over
all the surface. Other possible technique proposed by
different authors are the preparation of composite
materials [16-18] or the introduction of A-site
deficiency.

About BSCF structural instability represents the
main issue; the material for temperature below
900 °C suffers a phase transition and the cubic active
phase evolves into an hexagonal structure that has a
lower catalytic activity. The literature attributes this
instability to a lattice distortion [22,23] caused by the
changing valence of B-site cations, and also by
doping quantity of A-site cations [25]. A second, but
relevant problem, which affects BSCF is the
formation of carbonates if exposed to CO;
containing atmosphere, even for low concentration
[28,29].

Known the problems introduced above, the aim
of this study is exploit the excellent properties of
these two materials, through a composite cathode
made mixing the two powders. The base of the
investigation is the assumption that the mixing could
result in their mutual structural stabilisation,
preserving a sufficient electrocatalytic activity. The
composite electrode was investigated under
structural, microstructural and electrochemical point
of view. Influence of operating temperature and
applied overpotential were investigated through
equivalent circuit analysis and also a long-term
stability behaviour was observed. Obtained results
were compared with those obtained from LSCF and
BSCF pure electrode.

EXPERIMENTAL

A set of samples of technically pure The LSCF-
BSCF composite powder was prepared by mixing 50
vol. % LSCF (Fuel Cell Materials) and 50 vol. %
BSCF (Treibacher) powders in ethanol, through a
low energy ball milling for 20 hours at R.T.

The obtained paste was freeze-dried for 24 hours
at -40 °C and 0.22 mbar (Labconco Free Zone 2.5),
then, sieved for 30 minutes to separate powder from
balls.

Electrolyte substrates were fabricated from
Ce0sSmo20,5 powders (SDC20-HP, Fuel Cell
Materials) by cold pressing at 60 MPa, followed by
one-step sintering at 1450 °C for 5 hours in air. The
resulting electrolyte disks had a diameter of 25 mm
and a thickness of 1.2 mm.

The LSCF-BSCF composite powders were
mixed in a mortar with alpha-therpineol (techn. 90%,
Sigma Aldrich) to obtain a mixture suitable for
deposition. The ink was deposited by slurry coating,
using a shaped-mask and a blade to obtain
symmetrical layers on both sides of the SDC pellets,
thus obtaining working electrode, WE, and counter
96

electrode, CE. On one side of the cell aring reference
electrode, RE, used for three-electrode
measurements and made by the same cathode slurry,
was deposited around the WE. Its distance was equal
to 3 times the electrolyte thickness, in order to avoid
possible reference electrode polarization [30,31].
Sintering followed at 1100 °C for 2 hours. The
thickness of the porous sintered electrodes was 30
pum while the geometric electrode area was about
0.28 cm? Composition mismatches and asymmetry
of the electrodes were carefully considered to avoid
appearance of artifacts in the impedance spectra
[32].

Electrochemical impedance spectroscopy was
used to investigate the electrocatalytic activity of the
composite  cathode in the three-electrode
configuration. The sample was placed in a lab-
constructed test station [33]. Pt meshes were placed
as current collectors on the surface of the WE and
CE and connected by Pt wires to a potentiostat
coupled to a frequency response analyser (Autolab
PSSTAT302N).

Impedance measurements were performed in the
temperature range of 500-800 °C, at open circuit
voltage (OCV) and at applied cathodic
overpotentials (up to -0.2 V), by applying a
perturbation of 10 mV in a 0.1 Hz - 100 kHz
frequency range.

To analyse the cathode degradation a direct
current (dc) load of 200 mA-cm™ was applied for 200
h, while the impedance measurements were
collected at OCV after interruption of the load at
different times.

To understand the kinetic of the reaction process,
all the impedance data were analysed by ZView®
software (Scribner Associates Inc.), using an
equivalent circuit (EC) to model the cathode
behaviour. The selected EC was formed from an
electrolyte resistance (Rs) connected in series with
two sub-circuits, each composed by a resistance (R)
in parallel with a constant phase element (CPE).

In order to identify the crystalline phases and any
second phase, the composite powder, the as sintered
electrode and the tested electrode were analysed by
X-ray diffraction (XRD), using a PAN analytical
X’pert diffractometer with Cu-K, incident radiation.
The spectra were collected over the angular range
20° < 211<90°, in a constant scan mode with steps
of 0.02° and a counting time of 40 s.

The microstructural investigation was performed
through a Scanning Electron Microscopy (Hitachi
SU3500) equipped with EDX detector. The porosity
of the electrode was determined by an image
analysis (Image J software).
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RESULTS AND DISCUSSIONS

Fig. 1 reports the cross-section of the
cathode/electrolyte interface, after the sintering of
the mixed powders at 1100 ° for 2 h. The electrode
structure is well-interconnected, though the porosity
appears a little irregular. From the same image a
good adhesion at the electrode/ electrolyte interface

was detected.
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Fig. 1. section of the

Image of cross
cathode/electrolyte interface after the sintering treatment
at 1100 °C x 2 h.

The XRD analysis of the LSCF — BSCF
composite electrode, as sintered cathode and after
electrochemical testing do not show any evident
formation of new phases (Fig. 2a). The electrode
structure is stable, however the original powders
structure has remarkably changed during the
sintering thermal treatment. In fact excluding the
highest peaks attributed to the SDC substrate LSCF
and BSCF phase (Fig 2b) were no longer detected
after the sintering step. While, it is possible to
identify a new phase with a rhombohedral
Lao 4SrosFeOs-type structure (LSF).

However, from these results it is not possible to
exclude the presence of a LagsBaosCoO3z Co-rich
cubic phase (LBC), because all its peaks are
completely overlapped with those of LSF.
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Fig. 2. (a) XRD spectra of the LSCF-BSCF composite
cathode after sintering at 1100 °C x 2h (as-sintered, black
pattern) and after testing (grey pattern). (b) XRD spectra
of the LSCF — BSCF powder after mechanical mixing

It is evident that during the sintering stage a
strong interdiffusion between the starting ceramic
powders occurred, leading to a heavy structural

modification involved not only the interface between
the two materials but the entire composite volume.
Further investigation to better clarify the nature of
the new electrode structure is object of future
studies.

The Polarization resistance (Re) of the composite
cathode was obtained from electrochemical
impedance spectroscopy analysis (EIS) on the
composite half-cell in three electrode configuration.
Fig. 3 summarizes the values obtained at different
temperature. In this graph the composite cathode
resistance was compared with those obtained for
LSCF and BSCF pure electrode deposited on SDC
substrate. Polarization resistance of the composite
stays between those of BSCF and LSCF in the whole
temperature range. Considering the Arrhenius
behaviour the apparent activation energies (Eact) was
calculated. The composite had the lowest valued 1
eV (96 kJ mol?), while BSCF and LSCF had Ej of
1.18 eV (113 kJ mol?) and 1.52 eV (147 kJ mol?),
respectively. The values extrapolated for the pure
cathode were in accordance with literature (BSCF ~
116 kJ mol™[9,40], LSCF ~ 140 kJ mol*[41]).

The low Ea for the composite pointed out that
this electrode is more active than BSCF at low
temperature, while its higher value for Rp could be
attributed to small geometrical differences between
the two porous structures.
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Fig. 3. Polarisation resistance (R;) versus temperature
for the composite and commercial LSCF and BSCF
cathodes. Calculated activation energies values: BSCF,
1.18 eV (113 kJ mol); composite, 1 eV (96 kJ mol?);
LSCF, 1.52 eV (147 kJ mol%).

The impedance spectra were analysed.
considering Jamnik interpretation [42], in agreement
with different studies on mixed ionic electronic
conductors [38,39,43,44]. In this analysis a well-
known equivalent circuit was chosen as reported in
the inset of Fig. 4.

The equivalent circuit was made by a resistance
(Rs), ascribed to electrolyte resistance, in series with
two identical sub-circuits. The first Rue//CPEue
describes the high frequency part, and was
associated to the charge transfer at the interface
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between cathode and electrolyte; the second sub-
circuit, R.e//CPE¢ (low frequency), was linked to
the electrode mechanism. In particular was assumed
that Rnr described the surface oxygen exchange
resistance, and CPEnr was related to the charge
stored in the cathode volume due to its high values
(1 + 3 F cm?) [45,46], and therefore was considered
as a chemical -capacitance. Fig. 4 shows
experimental and fit curves, and confirms that this
circuit is able to provide a good quality fitting at
different temperature.
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Fig. 4. Composite cathode impedance spectra
obtained in the three-electrode configuration at 750 °C
(1), 700 °C (O) and 650 °C (A) at OCV condition mol
1); LSCF, 1.52 eV (147 kJ mol?).

To obtain equivalent capacitance Cir and Cue
from constant phase (CPE) parameters the following
equation was used:

1-n 1
Ceq =Rn - Qn (1),
where R is the resistance of the R/CPE element (R.r
or Rue), Q is the module of the capacitance value and
n is the exponential parameter [47].

Table 1 summarizes resistance and capacitance
values as a function of temperature for the two sub-
circuits. Rir and Rye trend indicates that both the
processes are thermally activated. The reduction of
Cwr as a function of temperature described a lower
charge accumulation at the interface. Low frequency
sub-circuit was connected with gas-electrode
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interaction (Ryr) and electrode activity (Cig). The
very low Rir values calculated confirmed a high
performance for the oxygen surface exchange for
composite cathode, while the chemical capacitance
directly related with the oxygen vacancy
concentration reached a maximum between 600 and
650 °C and then decreased.

Table 1: EIS fitting parameters for composite cathode
as a function of temperature

Temper

ature RuF RLF ChF Cvrr

500 °C 0.374 1.825 0.395 0.913
550 °C 0.092 0.774 0.341 0.955
600 °C 0.053 0.268 0.167 2.763
650 °C 0.052 0.115 0.093 3.193
700 °C 0.027 0.052 0.067 1.49

750 °C 0.011  0.031 0.075 0.932

The composite cathode was investigated by EIS
also in real cathodic conditions, applying a dc
overpotential (). Total polarization resistance (Rp)
for composite cathode increases up to an application
of -80 mV and remain constant at higher n. BSCF
and LSCF showed an opposite behaviour; the first
increases its Re while the second reduces Rrpwhen an
overpotential was applied.

Fig. 5 reports R.e (Fig. 5a) and C.r (Fig. 5b)
trends as a function of i} for all three tested cathodes.
In literature is well reported that the application of n
to LSCF cathode promotes the formation of new
vacancies, enhancing the activity for ORR with a
decreasing of R.f[44,48,51,52]. The behaviour
describes above is recognisable in the two figures 5
(@ and b). Composite R.e slightly decreases,
indicating that the net flux of currents, generated by
the applied cathode overpotential, helps surface
activity. This higher surface activity can be due to
the formation of new vacancies, as reported by Fig.
5b.
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Fig. 5. (&) Rer and (b) Cvr, for composite (L1), commercial LSCF (A) and commercial BSCF (O) cathodes
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Furthermore, as regards Cirtrend with n for the
composite it shown an intermediate behaviour
compared to the two starting materials. In fact, LSCF
strongly increases its C.r, while on BSCF a so strong
effect was not detected. However the extremely high
Cir value for composite, which means a higher
ability to accommodate more oxygen vacancies,
does not correspond to the lowest resistance and this
behaviour remain an open issue. One key point for
cathode materials is their long-term stability. A first
ageing investigation on the composite cathode was
performed and results compared with BSCF pure
electrode, which is considered as reference electrode
as regards performance but presents many problem
of stability, as reported in the introduction. Ageing
test was performed applying a current density of 200
mA-cm at 700 °C, and every 12 hours impedance
measurements at OCV was done to evaluate Rp.

Fig. 6 presents the Rp trend for composite and
BSCF cathode during an ageing test of 200 hours.
The exposure time is in accordance with several
literature works, that identified a period between
100-300 h as acceptable for a preliminary ageing test
[63-56]. After 200 h composite cathode increased
polarization resistance of about 5 %, which
represents an important improvement if compared
with the 38 % of degradation shown by BSCF under
the same operation condition. Moreover another
positive factor is the absence of carbonates after
testing that indicates a good stability of composite
material in CO2-containing atmosphere.
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Fig. 6. Evolution of R, as a function of time for LSCF-
BSCF cathode (CJ) and BSCF commercial cathode (O)

during ageing with a current of 200 mA cm at 700 °C.

A possible explanation of the composite
performance loss could be due to some electrode
morphological changes, as identified from SEM
analysis (Fig. 7).

In fact, if the XRD analysis does not detected any
structural modification after testing, from image
analysis (Fig. 7a and 7b) a reduction of porosity
(from 42 % to 35 %) was observed. The change of
this parameter can affect polarization resistance,
especially in the EIS low frequency arc, which
describes oxygen surface exchange.

SEM images analysis highlighted also the
formation on new nano-particles (~ 50 nm) on the

cathode surface. However, EDX analysis is not able
to confirm chemical composition of these particles
because of the substrate interference during the
measurement. The presence of nanoparticles on the
surface was observed also for BSCF electrodes
[26,27,57]; in this case the interference with cathode
performance seems to be limited and the presence of
this segregate phase not affect the electrocatalytic
activity.

I .
SU3500 20.0kV 6.9mm x5.00k SE

10.0pm

SU3500 20.0kV 6.9mm x15.0k SE 3.00pm

Fig. 7. SEM images of composite cathode surface
before (a) and after (b, ¢) electrochemical test. In Figure
(c) the circle identifies the formation of nanoparticles on
the electrode surface

CONCLUSIONS

To our knowledge LSCF-BSCF composite
electrodes are not yet studied in literature. The aim
of this study was to obtain a mutual stabilisation
between the two high-performing but unstable
starting perovskites, without significantly losses on
electrode performance. The electrode preparation is
very easy by combining two commercial powders
through a simple milling process.
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The structural analysis performed on the powder
and on the electrode, as sintered and after testing,
showed that the two starting phases were no longer
present after the sintering stage at 1100 °C. In other
words, the starting composite was affected by a total
structural transformation, which involved not only
the interface but the whole cathode volume, resulting
in a different electrode structure. The obtained new
electrode globally demonstrated a high activity
toward the ORR. In the range 500 — 800 °C an
activation energy of 1 eV (96 kJ mol?) was
calculated, quite low if compared to the values
obtained for other MIEC materials. Moreover, the
results of the ageing test performed under current
load of 200 mA cm gave evidence of an impedance
degradation much lower that the degradation
measured for BSCF under the same ageing
conditions.

In conclusion, it is demonstrated that the
composite LSCF-BSCF cathode is an interesting
system, worth to be investigated for its possible
application in IT-SOFCs.
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OXAPAKTEPU3UPAHE HA Lao.sSro4C0o.2Fe0803-5- Bao5Sre5C00.8Fe0.203-s KOMIIO3UT KATO
KATOJAEH MATEPUAJI 3A SOFC

M.-I1. Kapnanese®?, JI. Knemaruc'”, M. Busnanu?, C. Ilpecto?, M. Ianuna’, JIx. Kepucona?, A. bap6yun'?

Kameopa no apasicoancio, xumuuecko u exonozuuno unicenepcmso (DICCA), Ynusepcumem Ienya,
P.le.F.Kennedy 1, 1-16129 I'enya, Hmanus
2Uncmumym no xumus u mexnono2uu 3a enepeus, Hayuonanen cveem 3a nayunu uscieosanus (CNR-ICMATE),
Via De Marini 6, 16149 ['enya, Umanus

[Moctenuna Ha 14 aBrycr, 20171.; [Ipuera 3a nedat Ha 24 centemBpu 2017 r.
(Pesrome)

Cwmec ot LagsSro4Cog2FepsOs.s and BagsSrosCoogFeo 203.5,€ u3cieqBana KaTo MEPCIEKTUBEH KATOJEH MaTepHa 3a
TOPUBHHU KIICTKA C TBHPIAOOKCHAHU (OPUBHH KIETKH, paboremn mpu MexaunHa temmeparypa(lT-SOFCs). [Ipara
MEPOBCKUTA IPUTEKABAT BUCOKA KATAJIMTHYHA aKTUBHOCT 3a penykuus Ha kucinopoia (ORR), BbIpekn uye HIAKOM
npoOieMH, CBBP3aHHU C TAXHATA XUMHYECKa M CTPYKTYpHA CTaOMIIHOCT, BCe omie TPpsiOBa 1a ObAaT MPEOJOJICHH C Orie]
nomoOpsiBaHe Ha CTAaOWIIHOCTTAa Ha XapaKTEePUCTHKUTE Ha KieTkaTa. [locTHraHeTo Ha CTAOWJICH W BHCOKOC()EKTHBEH
KOMIIO3UTEH MaTepual € 1IeNTa Ha TOBa u3cieaBaHe. 110 IpHHIMI XUMUYECKOTO paBHOBecue npu uHtepdeiica LSCF-
BSCF Mose na 6bae HOCTHUIHATO Ype3 UHTepaudy3us Ha HOHM 10 BpeMe Ha Mpoleca Ha CHHTEPOBaHe, KOeTO BOIH 110
XUMHYECKa cTabmii3anus Ha Matepruana. KOMIIO3HTHUAT KaTol, oTioxeH BbpXy CeogSMo 2025 CISKTPOIIHT, CIIS] TOBA
Oeiie W3clelBaH 4Ype3 eNIeKTpOXHMMH4YHA uMmIenaHcHa crekrpockomus (EIS) kato ¢yHkims Ha Temmeparyparta,
CBPBXIOTEHIMAJa W BpeMeTo. PesynraTure moka3zaxa HMHTEPECHO EJIEKTPOXMMHYHO MOBEICHHE Ha eJeKTpoJa II0o
OTHOIIEHHE Ha KHUCJIOpoAHaTa peaykuus. XRD aHaiu3bT € U3BbpLICH 32 OTKPUBAHE HA CTPYKTYPHA MOJAM(UKALHNS 10
BpeMe paboTa 1 € yCTaHOBEHO, Ue CJie/l CHHTEPOBAHE JiBaTa U3X0/IHHU IIEPOBCKUTH Bede He MPUCHCTBAT; (hOpMHUpa Ce HOBA
¢asa ¢ pomboeapuuHa crpykTypa LagsSrosFeOs (LSF). ITogoGpeHara yCTORYUBOCT Ha KOMIIO3UTHHSI KaTOJl € OTKPHUTa
Hpu pasriexjaanute pabotHu ycaosus (200 mAcm?, 700°C) B cpasuenue ¢ umctus BSCF enexrpoa. Pesynrature
MIOTBBPIMXa TO3HM HOB €JIEKTPOJ KaTO MEPCIEeKTUBHA CHCTEMA 3a M0-HaTaThIIHO u3cienasane karo | T-SOFC karon.

Karouosu nymu: SOFC katox, aeirocpouna cradmrHoct, LSCF-BSCF
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