Journal of Power Sources 192 (2009) 175-179

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect

Journal of Power Sources

Short communication

The effect of doping in the electrochemical performance

of (Lny_xMy)FeO5_s SOFC cathodes

Karmele Vidal?, Lide M. Rodriguez-MartinezP, Luis Ortega-San-Martin¢, Ana Martinez-Amesti?,
Maria Luisa N6?, Teé6filo Rojo?, Ander Laresgoiti®, Maria Isabel Arriortua®*

3 Facultad de Ciencia y Tecnologia, Universidad del Pais Vasco/Euskal Herriko Unibertsitatea, Apdo. 644, E-48080 Bilbao, Spain
b Jkerlan, Centro Tecnolégico, Parque Tecnolégico de Alava, Juan de la Cierva 1, Mifiano 01510, Alava, Spain
¢ Instituto de Ciencia de Materiales de Aragén, C.S.I.C.-Universidad de Zaragoza, C/Maria de Luna, 3, 50018 Zaragoza, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 15 October 2008

Received in revised form 9 December 2008
Accepted 9 December 2008

Available online 31 December 2008

A family of iron perovskites with the general formula AFeO3_s (A=Ln;_xMy; Ln=La, Nd and/or Pr; M=Sr
or/and Ca) has been prepared keeping fixed the A cation radius (rx) and cation size mismatch to isolate the
effect of divalent dopant concentration from the A-cation steric effects. The electrochemical behaviour
of these compounds for their application as SOFC cathodes was evaluated by using I-V curve measure-

ments and ac impedance spectroscopy over three electrodes electrolyte supported cells processed under
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identical conditions. In contrast with the bulk behaviour, trends are more difficult to observe due to
microstructural effects, but results seem to indicate that the doping level, x, does not influence in a
significant way the electrochemical performance of iron perovskites with identical (ra) and 62(ra).

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Classical LSM (La;_,SrxMnO3) compounds have shown good and
stable performance as cathode materials in Solid Oxide Fuel Cells
(SOFCs) operating at temperatures above 800°C, however their
performance decreases rapidly as the temperature decreases [1].
Cobalt containing perovskite oxides usually exhibit higher ionic
conductivities than LSM due to a greater concentration of oxy-
gen vacancies. Nevertheless, their thermal expansion coefficients
(TECs) are much larger than those corresponding to the electrolytes
[2,3]. Iron perovskites such as LSF (La;_,SrxFeO3) are also good can-
didates as SOFC cathodes [4] showing a better-matched TEC while
maintaining the high mixed conductivity and good catalytic activity
for oxygenreduction. In addition, LSF perovskites tend to react more
slowly with the typical yttrium-stabilized zirconia (YSZ) electrolyte
than LSM and LSC compounds at the operating temperature. Then,
the LSF cathodes give promising high power outputs and long-term
stability.

The present (Ln;_,Mx)FeO3_g system has been chosen to study
the systematic effect on their properties of different parameters
that control the A-site of the perovskite structure (A=Ln;_,Msy).
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The A-site is generally composed by combinations of trivalent lan-
thanide (Ln=La, Pr, Nd, Sm, Gd) and divalent alkaline-earth cations
(M=Ca, Sr, Ba) which produce different average sizes, (ra), and
charge of the A-site. This directly affects the oxidation state and
average size of the B-site cation (Fe for this case), given by the dop-
ing level x. Apart from the average A size and doping, there is a
third factor that affects the properties of perovskite materials: the
variance of the A-cation radius distribution, 6%(ra), that arises from
the size mismatch of the cations occupying the A-site. The effects
of the size mismatch and disorder have been studied in AMnOs3
perovskites [5] and extended to other systems such as A;CuQOy4
superconductors [6], and ATiOs3 [7] and ACoOs [8] perovskites.
These studies have shown interesting trends with the A-site param-
eters in several properties such as the magnetoresistive response,
superconducting critical temperatures, and ferromagnetic Tc, for
example.

Following these studies it has been considered interesting to
carry out similar studies for iron perovskites that have properties of
potential use as SOFC cathodes. In this sense, we aim to study sep-
arately the effects of doping x, average size (ra), and disorder o2(r5)
over the structure and properties of a series of (Ln;_yMyx)FeO3_g
perovskite oxides. In a previous work we observed that when dop-
ing level x is isolated from the other two parameters several trends
in the structure, microstructure, and conductivity of the samples
in bulk could be clearly distinguished [9]. To our knowledge, that
has been the first time that the effect of the parameter x has been
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Table 1

Particle size distribution analysis of the prepared Ln;_xMFeO;_s iron oxide perovskites.

X Composition (ra) (A) o? (A?) dio (m)’ dso (pm)’ dgo (pm)’
0.2 Lao‘sopro.3osl‘olzoFCO3_5 1.219 0.0026 0.54 1.56 6.16

0.3 Lag.4o Ndo3o$l‘o‘z3 Capo7 Fe03,,; 1.219 0.0030 0.63 1.83 6.54

0.4 [.30_2()PI'()_4()SI'0_26C30_14FEO3,5 1.221 0.0030 0.56 1.56 4.46

0.5 Laojg Pl'031 S['()Azs C80A24F603_5 1.220 0.0030 0.58 1.72 7.09

0.6 Lag19Pro21Sro26Cap34Fe03_s 1.220 0.0030 0.57 1.53 5.03

0.7 Lamg Pl‘0'12 Sl'o'zs Ca044 FBO3,3 1.220 0.0030 0.51 1.76 7.24

0.8 Lag20S10.25Cap s5Fe03_s 1.220 0.0029 0.77 3.44 15.22

Nominal compositions, mean ionic radius, cation size disorder and doping level x are given.
" d; indicates that the i percent of the particles present a size smaller than the value given under d;.

isolated from the effects of the other chemical parameters. In
order to continue that study, here we investigate the effect of the
variation of the doping level x on the microstructure and electro-
chemical properties of the same perovskites applied as cathodes
in electrolyte supported SOFC cells. This has been achieved by
keeping the average size, (ra), and size mismatch, 62(r,), constant
throughout the whole series of compositions prepared. In order to
allow for suitable combinations of A-cations over the whole doping
range 0.2 <x <0.8, the fixed values of (rx), and 02(ra) chosen were
1.22 A and 0.003 A2, respectively.

2. Experimental

Perovskites of general formula (Ln;_yMy)FeO3_s (Ln=La, Nd,
Pr; M=Sr, Ca) with 0.2 <x<0.8 have been synthesised by con-
ventional ceramic solid state reaction under identical synthetic
conditions. These conditions and the room temperature X-ray pow-
der diffraction, compositional analysis, bulk microstructure, and dc
conductivity data on sintered rectangular bars of these compounds
in bulk have been reported elsewhere [9].

The previously characterised powders were ball milled under
identical conditions for 24 h and measured using a Malvern Mas-
tersizer X particle size analyser. Each of these powders was then
deposited by colloidal spraying onto scandium stabilized zirco-
nium electrolyte disks (SSZ, Daiichi Kiganso Kagaku Kogyo Co.,
DKKK, 150 pm thickness manufactured by tape casting by Kerafol).
A samarium doped cerium oxide (SDC) (Praxair, Surface Technolo-
gies, Combustion Spray Pyrolysis, 99.9%, surface area 14.15m? g1,
ds0 =0.6 wm) barrier layer was sprayed and fired at 1100 °C between
the electrolyte and the cathode in order to prevent the formation
of phases that lead to electrode degradation [10,11]. Cathode was
subsequently fired at 1100 °C for 2 h. A cermet anode of Ni-SSZ (pre-
pared from a 50:50 volume ratio mixture of NiO, Sigma-Aldrich
and SSZ) was previously applied to SSZ discs and fired at 1250 °C. Pt

pt | Ln,MFeO,

ISDC} 8sZ
Cathode s

/ Electrolyte

paste and mesh were used for the pseudoreference electrode and
for current collection.

Electrochemical impedance spectroscopy measurements were
performed using a Solartron 1260 Frequency Response Analyser
coupled to a 1286 Electrochemical Interface. The impedance spec-
tra of the three electrodes cells were recorded at OCP, 100 and
300 mA with a 10 mV ac signal amplitude over the frequency range
106-0.01 Hz at 700 and 800°C. The cathode was exposed to ambi-
ent air and the anode to humidified hydrogen at a flow rate of
100 ml min~!. Current-voltage (IV) measurements have also been
performed between 700 and 800°C.

Images of the microstructure and cross section of button cells
were taken after electrochemical testing using a JEOL JSM 6400
scanning electron microscope (SEM) at room temperature.

3. Results and discussion

The results from particle size analysis after ball milling are
reported in Table 1, together with the compositions of the
(Lny_xMjx)FeO3_s powders and their corresponding values of dop-
ing x, average size (ra), and size mismatch o%(ra). The particle size
distribution analysis of these powders prior to their application
onto cells indicates that powders between x=0.2 and 0.7 present
comparable fractions and particle sizes, while sample x = 0.8 posses
significantly larger sizes, particularly at dsq and dgg.

Typical scanning electron microscopy images of working and
counter electrodes deposited by colloidal spraying are shown in
Fig. 1. The SDC barrier layers are normally between 4 and 6 pm,
whereas the Ln;_yMxFeO3_s cathode layers were between 20 and
30 wm (Fig. 1a). The anode layers deposited were between 30 and
40 pm, as shown in Fig. 1b. On the other hand, details of cath-
ode microstructures as a function of doping are summarised in
Fig. 2. On average, these cathodes show similar grain sizes, typi-
cally under 1 wm. This is consistent with the homogeneity of the

Ni-SSZ cermet
(anode)

L SsZ
_ Electrolyte

Fig. 1. Scanning electron microscopy (SEM) images obtained at the same magnification for (a) cathode side cross section, and (b) anode side cross section of sample with

x=0.6.
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Fig. 2. Details of cathode microstructures for all Ln;_yMyFeOs_s tested cells obtained by SEM under the same magnification.

starting powders. A slight increase of grain size as the doping level
x increases can also be observed, which is consistent although less
dramatic than the increase observed by SEM analysis performed
on bulk surface polycrystalline bars [9]. This trend has been asso-
ciated to a change in melting point of the samples with increase in
alkaline-earth cation content [12-14] as the end members CaFeO3
and SrFeO3 have lower melting points than LaFeO3 and PrFeOs. This
increase is particularly evident in x=0.8 phase, in agreement with
the bigger grain size of the raw powder (Table 1).

Electrochemical impedance spectroscopy measurements for all
cathodes at 700 and 800 °C at open circuit voltage (OCP) and under
acurrent of 100 and 300 mA were measured using an external pseu-
doreference electrode (Fig. 3). The ohmic contributions, which are
mainly attributed to the electrolyte, have been subtracted for clar-
ity. Hence, the evolution of cathode polarisation resistances (Rp) as

ocP
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a function of doping can be observed at different current conditions
and for both sets of temperatures.

In most cases, several arcs are present for each impedance spec-
trum, indicating the contributions from various processes towards
the electrode reaction. The high frequency arc is usually associ-
ated with the charge transfer processes [15,16]. The lower frequency
arc is usually attributed to oxygen adsorption and diffusion at the
cathode surface. The existence of additional arcs can be due to gas
diffusion, activated processes due to impurities, phase segregation,
etc.

In any case, there is a clear dependence of cathode polarisation
resistance upon current load in most cases at both temperatures.
This dependence is manifested as a sharp reduction of Ry, as the
applied current is increased. In general, this is usually associ-
ated to effects such as an improvement in grain adherence at the
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Fig. 3. Nyquist plots of the electrode response at 700 and 800 °C for all compositions measured at OCP, 100 and 300 mA. Serial resistance was subtracted from all spectra for

clarity.



178 K. Vidal et al. / Journal of Power Sources 192 (2009) 175-179

cathode-electrolyte interface, and sintering effects due to current
flow or formation of mixed conducting zones due to partial cathode
reduction at high polarisation [17]. Once current is applied, most
cathodes behave in a similar way, with differences amongst them
being more significant when measured at open circuit potential.
Generally, higher resistances correspond to compounds with low-
est and highest doping levels, which might be related to their lower
bulk conductivity as shown in the previous study [9]. In that study it
was clearly observed that samples with intermediate doping levels
showed higher conductivities. In the present case those differences
are less marked all being within comparable Ry, values. The half-cell
corresponding to the highly doped sample x=0.8 shows compara-
tively very high polarisation resistances under all the experimental
conditions considered. This may be due to the anomalously large
particle sizes for this sample and the increased grain growth
observed for this sample as reported in Table 1 and Fig. 3. This is
a clear indication that both particle sizes and microstructure are
crucial parameters that affect cathode performance.

Current-voltage measurements at 700 and 800°C for cathode
overpotentials are summarised in Fig. 4. The trends upon doping
are in good agreement with those observed by impedance mea-
surements. In both temperature regimes the best performance
corresponds to sample with x=0.6 whereas the least interest-
ing performance clearly corresponds to sample with x=0.8. All
the remaining compositions show similar behaviour, values lying
within a narrow range.

Available literature about the specific effects of the A-site substi-
tution on the electrochemical performance of perovskites as SOFC
cathodes is scarce and inconclusive. While Sakaki et al. [18] con-
sider that the A-site substitution does not affect these properties

700°C  (a)

n (V)

T

i (mA/cmZ)

Fig. 4. IV measurements of Ln;_xMyFeO3 cathodes at (a) 700, and (b) 800°C.
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Fig. 5. Bulk 4-probe corrected conductivity measurements on sintered polycrys-
talline bars as a function of doping level at 700 and 800°C (see also Ref. [9]).

some authors have found a decrease in resistance upon doping
up to x=0.5 and a subsequent increase for higher doping values
[19,20]. This latter trend is in good agreement with the results from
bulk conductivity measurements (corrected for porosity [21]) for
our Lny_yMyFeO3_g polycrystalline bars, which are shown in Fig. 5.

Systematic studies focused on B-site transition metal sub-
stitution show a significant effect of the B-site cation in their
electrochemical performance [22,23].

From the results reported in this study, the isolated effect of
doping provides lowest polarisation resistances at intermediate
doping levels, although the effect is less marked than expected
from bulk measurements, probably due to microstructural effects
which dominate performance over compositional effects. However,
we consider that the observed trends with doping are real, as simi-
lar comparative studies have been carried out in our group isolating
the effect of A-cation size, (ra), and cation size mismatch, 62(ra)
[24]. In this sense we have observed that when used as cathodes
under identical synthesis, processing and experimental conditions,
systematic trends can be easily seen with (ra) and o%(ra), while
doping in the A-site has a lesser influence. We understand that the
particle size distribution of starting powders, as shown in Table 1,
are not ideal for their use as SOFC cathodes. The limitations come
from the fact that all the basic characterisations in bulk and their
applicationin electrolyte supported cells have been performed with
powders prepared in one batch. The shortage of these powders
made it practically impossible to achieve the required particle size
reduction, but allowed us to obtain results from different samples
under identical experimental conditions.

Mizusaki et al. [25] showed that the reaction rate for coarse
particle sizes (1-3 wm) in LaggCap4MnO3 was practically inde-
pendent of cathode thickness but proportional to the TPB length.
Thus, Haart et al. [26] concluded that the cathode polarisation
for LaggsSrp15MnO3 prepared by dip coating did not vary sig-
nificantly either with the microstructure or cathode thickness.
However, Sasaki et al. [27] related the cathode performance of
Lag g5Srg15MnO3 prepared by screen printing with the TPB length
and cathode thickness, giving an optimum value of 25 pum. They
also observed that cathodes with narrower particle size distribu-
tions yield lower Rj values, in agreement with results from van
Heuveln [28].

All this indicates that there exist multiple factors despite compo-
sitions that markedly affect cathode performance. In this study, the
synthesis, processing and firing conditions have been kept iden-
tical for all the compositions and we believe there are further
variables that affect the electrochemical study, such as the intrin-
sic microstructure of the cathode material, related to the different
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melting points of the A-site substituting cations, which affect the
grain growth. For this and other reasons, we believe the separate
effect of doping in the performance of perovskites as SOFC cathodes
needs further detailed investigation, through techniques capable of
separating microstructural effects from compositional effects.

4. Conclusions

The effect of doping level x in the electrochemical performance
ofiron Ln;_yMyFeO5_g perovskites with fixed values of (ra) (1.22 A)
and o2(ra) (0.003 A%) has been studied on electrolyte supported
SOFC cells. SEM analysis of the tested cathodes shows a slight
increase of grain growth as the doping level x increases, which
is consistent although less dramatic than the results observed
for bulk surface polycrystalline bars. Electrochemical impedance
spectroscopy measurements show a decrease in the polarization
resistance, Ry, as the applied current increases which indicates
the activation of the cathode materials. The highly doped sample
x=0.8 shows high polarisation resistances under all the experimen-
tal conditions considered, that may be due to the anomalously large
particle sizes for this sample.

Overall, best performing cathodes correspond to the interme-
diate doping levels but the variations in Ry, are not significant over
the studied 0.2 < x < 0.8 range. Microstructural effects, intrinsic and
extrinsic to composition, are key factors affecting cathode perfor-
mance that should carefully be considered to successfully isolate
the effect of composition.
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