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This work discusses the effect of the crystal structure and microstructure on the electrocatalytic activity
of Lanthanum-Barium cobaltite (LBC), evaluatedas IT-SOFC cathode. Two systems with similar
microstructures (particle sizes d,~1-5jm) are used to compare the effect of the crystal structure:
the cubic Lag sBag sC003_5 with La/Ba cations randomly distributed, and a tetragonal LaBaCo,0¢.5 with La/
Ba layered distribution. In addition, the effect of microstructure is studied by using a newsol-gel route

Keywords: which allows obtaining LaBaCo,0¢.5 with smallest particle size (d, ~500nm). The electrode reaction
IT‘SOFCA isstudied by electrochemical impedance spectroscopy (EIS) as a function of temperature (T) and oxygen
E:tr&’;l:te partial pressure (pO,). The electrode polarization resistance (Rcp) presents two contributions, a low

02 . . frequency (Rir) and a high frequency Gerischer-resistance (Rg). On one side, R, associated to the O,-gas
-reduction reaction . . . . . . 1
LBC diffusion across the gas layer boundary, presents low activation energy (E,) and is proportional to pO, ™,
presenting the same values regardless the microstructure.On the other side, R is in agreement with
anO,-reduction mechanismco-limited by O-surface exchange and O-bulk diffusion. Rg is strongly
influenced by structure (trough the diffusion coefficient Dy) and microstructure (inversely proportional
to dp). Besides, Rg decreases by reducing d, and by modifying the La/Ba ordering from layered to

randomly distributed.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction operate with better performances in an intermediate temperature

range (500-700°C, IT-SOFC) [6].

The Solid Oxide Fuel Cells (SOFCs) are promising devices
designed to improve efficiency and to develop a cleaner energy
generation [1,2]. These cells can produce electricity when they are
feeded with hydrocarbons or bio combustibles, can produce
renewable fuels (Hy, CO) by reverse work in the electrolysis mode
[3,4] and also can store electricity by switching between the fuel
cell and the electrolysis modes [5]. Despite the good perspectives
of this technology, the irruption of these devices in the market is
limited by the high costs of production and operation and
degradation issues, mainly due to the high working temperatures
(T>800°C) which limit the span of operation life. Thus, recent
research efforts have been focused on finding new materials able to
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Regarding the device performance, the highest loss of efficiency
of an IT-SOFC is originated in the cathode side, due to the high
activation energy of the O, electrode reaction [7]. Two comple-
mentary strategies can be adopted to reduce the cathode
polarization resistance (Rcp): first, the use of new oxides with
mixed ionic and electronic conductivity (MIEC) increasing the
reaction zone beyond the triple phase boundary, and second, the
increase of the electrode’s specific surface by adopting nanostruc-
tured materials.

Cobaltites with perovskite structure, and mainly the Strontium-
Barium cobaltites (BSCF) [8,9], are one of the most promising
cathode materials for IT-SOFCs. In these perovskites, the Ba plays a
key role since its large cation radii distorts the cubic crystal
structure promoting the oxygen vacancy formation and migration
[10]. In addition, Ba atoms also assist the O, reduction kinetics and
reduce the R, due to the improvement of the O-surface exchange
and the O-ion diffusion. However, the same structural distortion,
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also induces a slow segregation of an hexagonal perovskite phase
[11-13], which deteriorates the O, reduction kinetics with time
[14].

Beside the BSCF cobaltites, other Barium-based perovskites
such as La;_xBayCoOs_5(LBC) with x=0.4-0.7 [15-18] and La;_x.
BaxCo;_yFey03_s(LBCF) [19] also exhibit low Rcp. As in the case of
BSCF perovskites, the cubic phase is metastable below 1000 °C,
affecting the long term stability [15]. In this context, the
LnBaCo,04_s layered perovskites (Ln=La, Pr, Nd, Sm, Gd) became
attractive cathode materials. These oxides not only present Rcp
values as low as 0.02-0.5 Qdcm? at 700°C (i.e LaBaCo,0¢.5 [20]
PrBaCo,06_5 [21] NdBaCo,0¢_5 [22-25], SmBaC0,06_5 [26], GdBa-
Co,06.5 [22,27-29]), high rates of oxygen surface exchange and O-
ion diffusivity [30-34] and electrical conductivity [21,35], but also
show a huge advantage over the other Ba-based cobaltites: the
formation of the hexagonal phase has not been observed in the
ordered tetragonal phase.

The cationic order in LnBaCo,0¢._5 layered perovskites oxides
takes place due to the large difference between the ionic radii of
Ba?" and Ln>' ions. As a consequence of this, the ionic and
electronic transport are affected [36]. However, it remains unclear
wether the cationic ordering modifies the mechanism of the O,-
reduction reaction, decreasing the polarization resistance, or not.
With the aim of answering this topic, the electrochemical response
of two materials, which differ only in their crystal structure (the
cubic LagsBagsC003_5 and the tetragonal LaBaCo,06.5) waseval-
uated.

As mentioned above, it is well known that the cathode
polarization resistance can be appreciably decreasedbyimproving
theelectrode’s microstructure. Indeed, the polarization resistance
decreases orders of magnitude for (La,Sr)CoOs_5 [37,38] (La,Sr)(Co,
Fe)Os_5 [39-43] and (Sm,Sr)Co0s3_s [44] perovskites with particle
size below 100-200 nm. Therefore, this work also explores a sol-
gel route in order to obtain LaBaCo,0¢_s with two different particle
sizes and evaluates the changes in theirperformancewhen working
as electrodes.

2. Experimental
2.1. Synthesis

Powder samples, with nominal Lag sBagsCo05_s, (LBC) compo-
sition were obtained by two different methods: the conventional
Solid State Reaction method (SSR) and a Soft Chemical Route (SCR)
involving a gel formation by polymerization of Acetyl-Acetone
(AcAc) and Hexamethylenetetramine(HMTA).

The SSR method was previously used to obtain cubic
LagsBag5Co05_5 and tetragonal LaBaCo,04_5 from Lay03 (99.99%,
Alfa Aesar), Co304 (99.7%, Alfa Aesar) and BaCOs (99.95%, Alfa
Aesar) by applying different heat treatments under air and Ar
atmospheres, respectively [36].

In this work, the SCR method was optimized to obtain both, the
cubic and tetragonal phases, at mild conditions (lower temper-
atures and/or shorter times). In this case, the starting La,05, BaCO3
and Co(CH5C00); (99.9%, Fluka) materials were mixed in a solution
of acetic acid (AcH, Cicarelli), AcAc (99.5%, Carlo Erba) and HMTA
(>99.5%, Sigma Aldrich). The relationship between organic and
inorganic components, defined as C,/C; (Co=Cxmra = Cacacand C;=
CpLa+3+ Cpas2 + Cco+2), Was fixed in 3 to 1. The AcH acts as a solvent,
whereas the AcAc and HMTA are chelating agents and polymer
precursors. These precursors facilitate the polycondensation and
polyesterification reactions, forming a network of metal-organic
polymers. The solution was heated at ~80 °C and kept under water
reflux for 2 h. After that, a few drops of H,O,were added. Both, heat
and H,0, accelerate the polymerization/gelation reaction. The
produced gel was heated at 450°C for two hours and further
calcinedat 750°C during 12 h for removing organic material.

The powders obtained were treated at different temperatures
and atmospheres in order to find the optimal synthesis conditions
to obtain the adequated sample features (see Table 1). Once the
phases were obtained, an annealing at 400°C in air for 6 h was
performed for samples synthesized under Ar atmosphere in order
to ensure oxygen incorporation.

The phase purity of the synthesized powders was checked by X-
ray diffraction (XRD) using a Philips PW1700 diffractometer with
Cu-Ka radiation and a graphite monochromator.

2.2. Structural and Microstructural Study

LBC samples synthezed in air and Ar after the annealing at
400°C in air for 6 h were structurally characterized by combining
XRD and High-Resolution Transmission Electron Microscopy (HR-
TEM). High statistic XRD patterns were collected and analyzed by
the Rietveld method using Fulproof [45]. Two structural models
were used: a cubic structure belonging to the Pm 3 m Space Group
and a tetragonal P4/mmm [36]. These models included micro-
strain effects, considerations about isotropic or anisotropic atomic
relative vibrational motion, and the location and concentration of
oxygen vacancy defects.

The materials were also studied by Transmission Electron
Microscopy (TEM) with a Philips CM 200 UT equipment. Bright/
Dark field images, HR-TEM images and Selected Area Electron
Diffraction (SAED) patterns were obtained and compared to
simulated patterns/HR-TEM images. Simulations were performed
with the software JEMS (Java versionV3-3526U2008s, CIME-EPFL),
using structural parameters obtained from the Rietveld analyses.

In addition, the microstructures were characterized by Field
Emission Gun Scanning Electron Microscopy (FEG-SEM) with a FEI
Nova NANO 230 microscope. This characterization was comple-
mented with TEM to determine particle size distribution.

Table 1
Details of the heat treatment performed after the different routes of synthesis and main sample characteristics (see Section 3.1).
Type Structure Method Label Heating Sample
conditions Characteristics
T(°C) time(h) Atm. Structure Particle size
La/Ba Pm3m Solid State Reaction SSR-1100-Air 1100 12 Air a=b=c= 5-10 wm
radom distributed Cubic 3.8915(1)A [36]
Soft Chemical Route  SCR-1100-Air 1100 2 Air -- 5-10 pwm?
SCR-1050-Air 1050 12 Air -- --
La/Ba P4/mmm Solid State Reaction SSR-1150-Ar 1150 24 Ar a=b=3.9147(1), c=7.6999(1)A [36] 5-10 wm
layered distributed Tetragonal Soft Chemical Route SCR-1150-Ar 1150 2 Ar -- 5-10 pm*
SCR-900-Ar 900 24 Ar a=b=3.8942(1), c=7.7860(4)A 200-500 nm

2 agglomerates of 500 nm particles.
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2.3. Electrochemical Characterization

The electrode reaction was investigated by electrochemical
impedance spectroscopy (EIS) on symmetrical cells. The cells
consist of a dense CegoGdg101.95(GDC, Fuel Cell Materials surface
area 34.6cm?/g) electrolyte (area ~0.8 cm?, thickness ~0.1cm),
where a porous layer of GDC and a porous layer of LBC were
deposited by spin coating. The inks were prepared by mixing the
corresponding ceramic powders (GDC or LBC) with ethanol,
a-terpineol (>96%, Sigma Aldrich), polyvinyl butyral (Sigma
Aldrich), and polyvinyl pyrrolidone (Sigma Aldrich) in a
40:40:27:2:1 mass ratio.The porous layer of GDC improves the
adherence of LBC cathode onto the GDC dense electrolyte [16].
After deposition, the porous GDC layer was heat treated at 1350°C
during 1 hin air, while the LBC porous electrode was heat treated at
the same temperature and under the same atmosphere than those
used to obtain each LBC sample (see Table 1). The electrode
thicknesses (~12-15 um) were determined by SEM.

The EIS measurements were carried out in air as a function of
temperature between 400 and 800°C. EIS spectra were also
collected at 500, 600 and 700°C varying the oxygen partial
pressure (pO,) between 1 and 5 x 10~4atm by using a home-made
device to test symmetrical cells coupled to an electrochemical
oxygen pump and sensor. The EIS data were collected with an
Autolab-PGSTAT32 potentiostat with a FRA2 module. The frequen-
cy was varied between 1 MHz y 0.1 mHz and the signal applied
consisted in a OV bias with 5mV amplitude. Impedance spectra
were analyzed with a Matlab code [46] using an electrical
equivalent circuit.

3. Results
3.1. Synthesis and Characterization

The minimum temperature to obtain both LBC phases by the
soft chemical reaction method was determined by comparison of
the XRD patterns of SCR-T-Air and SCR-T-Ar (see Table 1) with
those synthesized by solid state reaction (the cubic Lag sBag 5C00s3.
5 SSR-1100-Air and the tetragonal LaBaCo,0¢_5 SSR-1150-Ar). Fig. 1
shows the resultant XRD patterns and Fig. 2 shows the FEG-SEM
images of the as-synthesized powders.

The treatment in air allows to obtain a single cubic phase justat
1100°C, independently of the synthesis route used (Fig. 1a). Indeed,
three peaks of an unknown secondary phase are present at 20
between 25 and 35 degrees for the SCR powders treated in air at
T <1050°C, which dissapear at 1100 °C. From the microstructural
point of view, the particle’s sizes obtained by both methods (SSR-
1100-Air andSCR-1100-Air) are similar (i.e. d, ~5-10 pm, Fig. 2),
indicating that the critical parameter to obtain the cubic phase is
the temperature (1100 °C) rather than the synthesis route itself.The
main difference between both methods is that the SCR requieres
shorter thermal treatments than the SSR in order to obtain the
desired phase (see Table 1).

The synthesis temperature of the tetragonal phase can be
appreciably reducedbyusing a chemical route (in this case, both
samples were burned under Ar flow). In both cases, a pure phase is
obtained at 1150°C, as it is shown from the splitting of the
diffraction peaks associated to the cation ordering in BaO-CoO,-
La0-Co0,-Ba0o layers (see Fig. 1b). Furthermore, none extra peaks
are detected even using synthesis temperatures as low as 900°C
(Fig. 1b), although the particle sizes decrease from d, ~5-10 um
for SSR-1150-Ar to dj, ~200-500 nm for SCR-900-Ar (Fig. 2b).

A secondary effect on the decrease of the heat treatment
temperature is that the splitted peaks of the micrometric sized
sample merged to broad peaks in the nanometric sample, and it
becomes difficult to discern if they correspond to a tetragonal, a
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Fig. 1. XRD patterns of LBC. (a) synthesized in air SSR-1100-Air, SCR-1100-Air and
SCR-1050-Air. (b) synthesized in Ar SSR-1150-Ar, SCR-1150-Ar and SCR-900-Ar.

cubic or a mix of both phases.To solve this issue, high statistic X-ray
diffraction patterns were collected for SCR-900-Ar samples in
order to obtain structural data by using the Rietveld method. The
structural models applied were based in a combination of XRD and
neutron diffraction data, for cubic and tetragonal phase, respec-
tively [36]. As it was mentioned before, the diffraction pattern of
SCR-900-Ar does not clearly show whether the sample presents
acubic, a tetragonal or a mixture of both symetries. Then, these
three possibilities were tested, including the presence of micro-
strain associated to each symmetry [47]. The goodness-of-fit, x2,
decreases from 7.36 to 6.67 and 5.85 as the proposed symmetry
changes from “cubic” to a mix of “cubic+tetragonal” and a pure
“tetragonal” phase. The measured and the calculated diffraction
profiles are included in the supplementary information (Fig. S1),
the estimated structural parameters are shown in Table 1.

HRTEM images with their FFT diffractograms and simulated
electron diffraction patterns complemented the structural analy-
sis. Fig. 3a.i, b.i and c.i show the HR-TEM for the SCR-1100-Air, SCR-
1150-Ar and SCR-900-Ar, respectively. The FFT’s (ii) of the HR-TEM
images were compared with akinematic simulation of the
diffraction patterns (iii). These simulations were based on
published structural data for cubic LagsBagsCo03_sand tetragonal
LaBaCo,06.5 [36], and from the refinement of XRD pattern of SCR-
900-Ar sample.

First, the SAED simulated pattern of SCR-1100-Air (shown in
Fig. 3a.iii) is in agreement with the FFT diffraction pattern obtained
along the [113]c zone axis (ZA) for acubic Pm 3 m structure. Second,
the electron diffraction pattern of SCR-1150-Ar and SCR-900-Ar
(shown in Fig. 3b.iii and c.iii) match with those simulated along the
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Solid State Reaction

Soft Chemical Route

SSR-1150-Ar

Fig. 2. FEG-SEM images of the as-synthesized powders a) SSR-1100-Air, b) SSR-1150-Ar, c) SCR-1100-Air and d) SCR-900-Ar.

[201]r and [110]r ZA for atetragonal P4/mmm symmetry.These
results confirm the cationic order structure suggested by the
Rietveld refinement for the SCR-900-Ar.

The TEM analyses also produces complementary information to
that obtained by SEM about the particle size and morphology.
Crystallite-size distributions were achieved from statistical meas-
urements by using bright/dark field images (Fig. 4). Regarding the
particles morphology, SCR-900-Ar shows more rounded forms
with a narrow particle size distribution, while both samples
synthetized at higher temperatures show a wide particle size
distribution with the presence of micrometer grains (which is in
agreement with the SEM pictures shown at Fig. 2). In these cases, a
normal distribution model is no longer supported, and therefore
the median and the mode are also reported in the histograms. At
higher temperatures, but under the same reductive atmosphere
(i.e. comparing SCR-900-Ar versus SCR-1150-Ar) the average
crystallite size remains around 500 nm, but the median dimin-
ishes. This is probably due to the formation of aggregates of smaller
particles (see Fig. 2). By changing the atmosphere to air (i.e.
comparing SCR-1100-Air and SCR-1150-Ar), the particles grain size
median and mode remain very similar, indicating that no big effect
on the microstructure is induced.

At this point it can be concluded, from the structural analysis
performed by combining electron and X-ray diffraction and from
the microstructural study done by SEM and TEM, that the SCR
allows obtaining a cation ordered phase with tetragonal structure
and particle size below 500 nm.These results are not possible to
obtain with SSR method.

3.2. Electrode characterization

The Rcp was determined by EIS measurements on symmetrical
cells, as a function of T and pO,. The spectra were collected

between 500 and 750°C in air and at 500, 600 and 700 °C by varing
pO-, between 1 and 10~*atm. The Nyquist and Bode plots of the EIS
spectra for three samples,were included as supplementary
information (Fig. S2 and S3). Table 2 compares the Rcp at 600
and 700°C obtained in this work with data of some relevant
perovskites type cathode(References included at Table 2). The
chemical composition, crystal structure and microstructural
features of each cathode are also included. The polarization
resistance for the cathodes studied hereare competitive with other
IT-SOFC cathode materials. Mainly, the layered LaBaCo,0g._g
synthetized by the soft chemical route, which reaches Rcp value
as low as 0.115 and 0.055 Qdcm? at 600 and 700 °C, respectively.

From the Nyquist and Bode plots it can be observed that the
cathodes synthetized by solid state reaction show one EIS arc,
which splits into two arcs at high temperature and low pO,. On one
hand, the cathode obtained by soft chemical reaction shows two
arcs, that are present in almost all conditions. Considering this, the
EIS spectra were fitted by using the Electrical Equivalent Circuits
(EEC) approximation, assuming a Gerischer-type (Zg) dependence
for the high frequency contribution, in series with a parallel
resistor/capacitor (Z;r) element for the low frequency contribution
(see EEC at Table 3). It is worth to mention that the EEC was
completed by adding in series an ohmic resistance and an
inductancein order to take into account the electrolyte resistance
and the inductance of the wires. Some examples of the fitting for
EIS spectra collected at T=700°C and pO,=0.19atm and pO,=3
x 10~3atm were also included as supplementary information
(Fig. S4).

The Rcp presents two terms: Rg (real part of Zg) and Ry (real
part of Z;g). Fig. 5 shows the log-log plot of Rc p, Rg and R gvs pO- at
500, 600 and 700°C for all symmetrical cells. On the other hand,
Fig. 6 shows the Arrhenius plot (In(R¢p) vs T~1) in air, which is used
to obtain the activation energy (E,) of each individual
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Fig. 3. HR-TEM image for (a.i) SCR-1100-Air, (b.i) SCR-1150-Ar and (c.i) SCR-900-Ar.
Comparison between FFT of the selected area shown at HR-TEM images (a.ii, b.ii and
c.iii) and kinematical simulation for SAED pattern along the (a.iii) [113]c, (b.iii)
[201]; and (c.iii) [110]y ZA's.

contributions. The relevant fitting parameters are resumed in
Table 3. The main contribution to Rcp is Rg, whereas R;r becomes
dominant at high temperature (600 and 700°C) and low pO,.

The Rironly seems to be a relevant polarization loss for the SCR-
900-Ar sample, once the fine microstructure allows reducing the
high frequency contribution to comparable values to those of Rg.
Besides, this low frequency contribution is almost independent of
the temperature (see Fig. 6) and strongly dependent of the pO,
(Rir o pO3 ') (see Fig. 5). Table 3 and Figs. 5 and 6 show that, in
those cases where this contribution is relevant, Z ¢ shows high
capacitance values and takes almost the same values for all cells,
independently of the electrode microstructure. Therefore, this low
frequencies impedance arc is associated to the concentration
polarization loss due to the O,-gas diffusion, not only inside the
pores but also trough the layer boundary between the porous
electrode and the gas phase.

It can be assumed that the electrode polarization loss due to the
activation process is Zc. For the three cathodes, Z¢ is described by a
Gerischer-type impedance:

1
V1+jote

where j = v—1, and R¢ and 7¢ are the Gerischer resistance and
time constant, respectively. This type of impedance element was
used by Adler-Lane-Steel at the ALS model to describe the
impedance response of porous single-phase MIEC oxides, where

Zc =R¢ (1)

the O,-reduction rate was co-limited by the O-surface exchange
and diffusion processes [48,49]. The pseudo-capacitance can be
calculated as Cg = T6/Rg [48]. Table 3 indicates the pO, dependence,
the activation energy and the minimum and maximum values of Rg
and Cg at 700°C and different pO,. Both, the resistance and the
pseudo-capacitance for all electrodes increase as pO, decreases.
The cubic perovskite shows the largest Cg values, which increases
with T reaching values above 1 Fem~2 at 800 °C. Contrary, for both
layered perovskites, Cg decreases from 0.15 to 1072Fcm™2 as T
increases.The resistance Rg depends on the structural (or intrinsic
material’s properties) and microstructural features trough:

RT 1
c=
4 \/4a%‘:ocox3(1 + 2V)Dy ¢

2)

In this equation, the molar equilibrium oxygen surface
exchange rate (®o), the effective O-diffusion coefficient

(Dy ¢ = 1=2Pv), the concentration of oxygen sites (o) and the

molar fraction of O-vacancy at equilibrium (x9) constitute intrinsic
properties of the material. Alternatively the electrode porosity (g),
the electrode specific surface area (a) and the MIEC-phase
tortuosity factor (7s) are volume-averaged microstructural fea-
tures. (F is the Faraday constant and R is the universal gas
constant). The Rg can be considered as the geometric mean
between the O-diffusion (Rp) and O-surface(Rs) resistances:
Rc = /Rofs.

The parameter v is a dimensional coefficient taking into account
the possibility of a parallel O-surface diffusion path [49]:

_ surfaceO — diffusion o8 Do,
~ bulkO — diffusion ~ Rcox)Dy

3)

The effect of the parallel O-surface path was illustrated in ref
[49]. The authors studied two La-Sr cobaltites, the O-diffusion
coefficient of Lag gSrg 4C005_5 is independent with pO, because the
O-bulk path dominates the diffusion, whereas for LaggSrg»C005_g
the mechanism is dominated by O-surface diffusion and the

diffusion coefficient is strongly dependent with pO, (trough Ggs ).In
the case of the La-Ba cobaltites the high Dy obtained by O-
permeation flux [30] together with high O-vacancies concen-
trations [36] allows assume a v ~ 0 and O-diffusion trough a bulk
path.

4. Discussion
4.1. The ALS model and its range of validtiy

The ALS model has been recently used to describe the response
of porous MIEC electrodes based on LSC[49], LSCF[50] and LSF [51]
perovskites and NNO Ruddlesden-Popper phases [52]. In those
cases where the O-diffusion follows a bulk transport path, Dy is
weakly pO,-dependent and if the O-surface exchange is controlled

by the dissociative adsorption of O, then R0 o< kopog'5 (kois the O-
surface exchange coefficient). The ALS model works well under
those conditions where surface exchange and bulk diffusion have
comparable resistances and time constants, and consequently co-
limit the O, reduction. However, besides the different pO,
dependence, ko and Dy also show an Arrhenius dependence with
T and have different activation energies. Therefore, the change
between a main O-surface exchange or O-diffusion control regime
can be observed depending on the experimental conditions. This
effect can be illustrated by comparison of the utilization length

(Is = D‘fg;‘:‘e [48,49]) with the particle size d,, and the electrode

thickness L. I indicates the useful electrode thickness and depends
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Fig. 4. Bright Field TEM images of samples SCR-900-Ar, SCR-1100-Air and SCR-1150-Ar showing the typical particle size distribution (right column).

on the intrinsic material properties (i.e. Dy, %p) and microstructure
characteristics such as the specific surface a (a ~ d;l). Therefore,
the utilization length becomes narrow or wide depending on the
relative values of kinetic parameters and how these are affected by
T and pO; [53] and for the same material (with the same intrinsic
properties) the utilization length depends with the particle size as
Is = \/dp.

The ALS model is valid for dj, < <Is < <L Otherwise, if d, 2 I the
regime changes to an O-bulk diffusion controlled regime, which
can eventually confine the reaction to the triple phase boundary
(TPB) electrode/electrolyte/gas. In this case, the impedance is
better represented by a Warburg-type element [54]. In those cases
wherels ~ L the surface process became more dominated and the
EIS response can be modeled by a Finite-Length-Gerischer [55]:

[ 1 L -
ZFLG = RG mcoth <E\/ 1 +]C()tc) (4)

This FLG equation extend the concept of a co-limit process of O-
ion diffusion and O-surface exchange to a more general situation
where the electrode thickness is below the utilization length
(L<Is). Note that in the limit of a thick electrode 5 < L, the

coth (i\/l +ja)tc) ~ 1 and the ALS model is recovered, whereas if

-1
Is>>L the coth(ﬁ\/l +ja)t(;) ~ (ﬁ«ﬂ +ja)tc> and the imped-

ance transforms to a R//Cpe-type element. Fig. 7 shows different

situations where microstructure, the relative values of O-diffusion
(Rp) and O-surface (Rs) resistances, can produce a change of regime
regarding the validity of the ALS model.

In this work, it was found the same pO,-dependence for Rg

(Rg < p0;°*)independently of temperature, La/Ba cationic order
or disorder, or the cathode microstructure (Fig. 6, solid lines). This
dependence is in agreement with aDyindependent of pO, and a
Ro o kop0Y>, as in other porous cathodes where the ALS model
was applied. The same pO, dependence was also reported for LSCF
electrodes, Lag gSrp2CopFegs03_s [56] and
Lag,eSro.4Co02Fe0s0s_s [57]. However, in those cases, the authors
attributed this dependence to a mechanism controlled by a surface
process in agreement with a low pseudo-capacitance values
ranging between ~10~3 to 0.15 Fcm 2. Amin et al. [17] analyzed the
EIS response as a function of Tand pO, of a porous Lag sBag sCo0s3_g
(LBC) electrodes in terms of EEC based on two constant phase
elements (R//CPEs) in series. They found similar pO, dependence
and activation energy than in this work. They assumed that the
high frequency response is due to oxygen ion transport followed by
charge transfer at the electrolyte/electrode interface.

In this work, the capacitance of the Gerischer impedance(Cg) of
the LBC electrodes take values around 10~2-1 Fcm~%(See Table 3),
increasing its values as pO, decreases. These high values of pseudo-
capacitances are are in agreement with a mechanism involving a
significant bulk contribution [58]. The lower surface control for O,-
reduction in LBC electrodes compared with LSCF could be
explained by the high surface activity reported for these La-Ba
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Table 2
Comparison of the characteristic cathode polarization resistances for single phase porous electrodes in air.
Composition ~ dp(pm)  Rep (Qcm?) Ref.
600°C 700°C
La/Ba randomly distributed with Cubic Pm-3m (C) or Orthorhombic—Pbnm (O) LagsBagsCo03_5 C 5-10 0.35 0.15 this work
c 1 0.16 0.09 [17]
CcC 05 0.12 0.035 [18]
Lap4BapsCo05 s Cc 5-10 0.14 0.04 [16]
Lag3Bap7CooeFeps 03 s C  5-10 0.6 0.12 [19]
Bag.5510.5C00.8Fe0.203_5 C == 0.07 - [9]
c -- 0.09 0.022  [64]
BagsSro5C002 FepgOs_s C  1-5 0.61 0.17 [65]
Lag 6Sr0.4C003_ 5 -- 0.017 0.023 -- [38]
-- 05-1 3.77 0.657  [66]
Smy 5Sr5C003_5 -- 05 25 -- [67]
-- 02 0.2 0.035  [44]
o 02 0.12 0.03 [68]
Lag.4St9.6C00.5Fep 2035 C 0.685 1.5 0.3 [39]
C 0.045 0.07 0.04
C 0130 0.05 0.03 [40]
Lag 6Sr0.4C002Fep 5055 -- 01-05 6.23 0.82 [50]
-- 05 3 0.3 [20]
La/Ba layered distributed with Tetragonal P4/mmm (T) or Orthorhombic -Pmmm (0O) LaBaCo0,0¢._s T 5-10 15 0.6 This work
T 05 0.115 0.055  This work
0 05-1 3.5 0.5 [21]
T 0.5-1 - 0.06 [20]
PrBaCo,0¢_s 0 05-1 0.213 0.025 [21]
o -- 0.7 0.15 [22]
0O 05-1 04 0.08 [23]
T 1 0.87 0.18 [69]
NdBaCo,06_s 0 05-1 0.3 0.035 [21]
T -- 04 0.067 [22]
T 1-2 11 0.11 [24]
o -- 0.67 0.08 [25]
SmBaCo,06_s 0 05-1 0.5 0.08 [21]
o 12 0.56 0.12 [26]
GdBaCo,06_s 0 05-1 0.25 0.035 [21]
o -- 0.21 0.15 [22]
o -- 1 0.3 [27]
o 12 0.4 0.08 [28]
-- 5 11 0.27 [29]

Table 3

Relevant electrochemical data obtained from the fitting of the electrochemical impedance spectra with the electrical equivalent circuit (EEC) as a function of T and pO,.

Sample Rep EEC*") reference values at 700 °C, between pO, ~1 and —10~%atm
Label Structure dp (um) R E, (eV) Zc (high frequency range) Zir (low frequency range)
(Qem?) R¢ o p0, 1% Rip oc pO; ™'
(700°C, air)
Re Ce E, Rir Cir Ea
(Qcm?) (Fcm™2) (eV) (Qcm?) (Fcm™2) (eV)
SSR-1100-Air ~ Cubic 5-10 0.1-0.15 0.93(2) 0.11/13 0.05/0.8 0.99(2) --/10 1 0.4(1)
SSR-1150-Ar Tetragonal ~ 5-10 0.3-0.6 1.01(3) 0.5/5.6 0.01/0.5 1.01(3) -5 1 -
SCR-900-Ar T%tl‘aQOIRlal 0.5 0.035-0.045 0.96(4) 0.025/0.082 0.03/0.16 1.17(3) --[7 1-3 0.0(1)
e Retec i

G
(MEEC: — YT T
CLF

cobaltites [59]. The O-bulk diffusion is also supported by the
activation energies E, of the Gerischer impedance. These E, reach
values around 1 eV for all LBC electrodes, which are below those
reported by Amin et al. (1.47 eV) for ionic conductivity in blocking
electrodes [17]. Nevertheless these values are comparable to that
extracted from the Arrhenius plot of the oxygen permeation flux
(jO,) in dense membranes of Lag sBag 5C005_5 (1.1-1.2 eV)[30]. Note
that the activation energy values in the Gerischer resistance
(~1eV) are high compared with the activation energies for O-
diffusion and O-surface exchange reported for other Barium based
perovskites. For example, Tsai et al. [60] reported E, ~ 0.64-0.75 eV
for O-ion flux on dense membranes of La;_xBayFepgC0p203-s
perovskites, whereas Taskin et al. [33] obtained E,=0.67 eV for O-
Diffusion and E,=0.81 eV for O-surface exchange in GdBaCo,04_3

layered perovskites. The general trend for Lanthanide-Barium
layered perovskites is that E, (O-surface exchange) >E, (O-bulk
diffusion) [61].

4.1.1. Crystal structure influence

In order to determine the influence of the crystal structure on
the electrode response, a comparison between samples SSR-1100-
Air and SSR-1150-Ar was performed. The R¢’s ratio between this
two samples was computed. These samples present similar
microstructures (i.e. same g, a and t; values), but different crystal
structures, therefore it was assumed that cp and x3 change
proportionally. Besides, the molar equilibrium oxygen surface
exchange rate can be derived for different rate-limiting mechanism
[62] and for those cases where the 02 exchange is limited by
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Fig. 5. Log-log graphics for the high frequency Gerischer resistance (Rg) and the low frequency resistance (Rig) with pO, at 500, 600 and 700 °C. (a) SSR-1100-Air, (b) SSR-
1150-Ar and (c) SCR-900-Ar samples. Solid lines indicate the fitting of the pO, dependence: Rgx (pO2)~%2° and Ripox (p0O2)~ L
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Fig. 6. Arrhenius plot for the overall cathode polarization resistance Rcp=Rg+ R
(filled symbols), and its contributions Rg (open symbols) and Rif (half and half
symbols). The activation energies (E,) for each contribution are present at Table 3.

dissociative adsorption, the exchange rate scaled as %o o
kop05°x9 [49,52]. Then, from Eq. (2):

<R-§§Rf>2 _K5Dg
RS ) i,
where “SSR_c” refers to cubic symmetry (SSR-1100-Air) and
“SSR_t” to the tetragonal one (SSR-1150-Ar). De Souza et al. [63]
found a correlation between the O-surface exchange coefficient
and the O-diffusion coefficient: ko Dy, with n=0.5-1 for
electron-carrier-rich mixed conductors and n~3-4 for poor
electron-carrier materials. The lanthanum-barium cobaltites
belong to the first class so it can be estimated the following
correlation:

RSSR[ 2 Dc > n+1
G ~ | 2V
<R> (nfv

SSR¢ 2
Fig. 8a and b show the “Rg ratio”(in this case (%) ) as a
G

()

(6)

function of T and pO,, respectively. It can be noted that the “Rg
ratio” between the tetragonal and the cubic phase is independent
of temperature and pO, conditions, remaining almost constant at
~20. These results are reasonable, considering that the O-bulk
diffusion must be higher for the cubic phase due to symmetry
considerations (i.e. higher dimensionality). Furthermore, the fact

that the “R¢ ratio” is independent of T and pO, suggests that the
activation energies for the O,-reduction reaction (O-surface
exchange+ O-diffusion) are almost the same for both samples
and that both samples can be described by the ALS model in the
whole range of studied experimental conditions.

4.1.2. Microstructure influence

Similarly, the effect of the microstructure among samples with
identical crystal symmetry was analyzed comparing SCR-900-Ar
(dp~500nm) with SSR-1150-Ar (d, =~ 5-10 wm). By using Eq. (2)
and assuming the same intrinsic properties independently of the
microstructure, the “Rg ratio” can be re-written as:

RSCRe 2 (@) SRy
G ~ s
(R?’“) h (e0) ™

(7

s

Where “SCR_t” refers to tetragonal samples synthetized by the soft
chemical route and “SSR_t” to that obtained by solid state reaction.
It can be assumed that the major difference is mainly due to the
specific surface (a) and that porosity (usually &~0.4-0.6) and
tortuosity (usually 7s ~ 1.1 — 1.3) take almost the same values. In
addition, the specific surface can be scaled with a particle
characteristic length (i.e. the particle diameter a ~ d;] ), thus
Eq. (7) can be reduced to:

2 SCR,

RSCR: > d5CRe
G ~ P

BSSR; | =SSR,
(RG dp

The “Rg ratio” between SCR-900-Ar and SSR-1100-Ar samples

(8)

SCR, \ 2
((%) ) showed in Fig. 8a and b, takes values between 0.001 and
G

0.05. These values are in agreement with the difference between
the characteristic particle size obtained by the chemical route

(dp~500nm) and by solid state reaction (dp=~5-10 wm).
5. Conclusions

The effect of the crystal structure and microstructure on the
electrode polarization resistance was studied for samples with the
same chemical composition. LBC materials were selected as
systems of study, because cationic ordered or disordered phases
with different crystal structures and microstructures can be
obtained by slightly modification on the synthesis routes. Thus,
two comparisons were performed:
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electrodes with similar microstructure (~20) and between the tetragonal electrodes with different microstructures (~0.001-0.05).
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LagsBap5C005_s, vs LaBaCo,0¢.5, which exhibit similar micro-
structures (d, ~5-10 wm) but different crystal structures (Pm3m
cubic or P4/mmm tetragonal space groups).

e Two LaBaCo,0¢.5 with the same crystalline structure (P4/mmm
tetragonal phase with a=b~ 3.9 and c~ 7.7 A) but with different
microstructures (grain sizes d,~5-10 um and dp~500 nm).

The EIS spectra suggested that two processes contribute to Rcp:

e The low frequency resistance (R;r). This is associated to O, gas
diffusion. R ¢ presents a significant contribution to the polariza-
tion loss only for the electrode with the smaller particle size. The
0, gas transport limitation seems to be due to the gas diffusion
trough the layer boundary between the porous electrode and the
gas phase, since the change of microstructure did not strongly
affect the absolute values of R;y.

e The high frequency Gerischer-resistance (R¢). In agreement with
the ALS approximation, this Rg considers that the O,-reduction
reaction is co-limited by O-surface exchange and O-bulk
diffusion. This mechanism is mostly determined by the crystal
structure and microstructure. Then, the Rg decreases when the
symmetry changes from tetragonal to cubic and when the
particle size decreases due to the use of the soft chemical route.

Finally, all cathode materials presented in this paper show
competitive Rc p values in comparison with other IT-SOFC cathodes
of literature.
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