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Misfit-type Ca3�xLaxCo4O9 +d (x=0, 0.3) oxides were synthesised to be evaluated as possible cathode

materials for proton conducting fuel cells (PCFCs) based on BaCe0.9Y0.1O3�d (BCY10) dense ceramic

electrolyte. The electrical conductivity value of Ca2.7La0.3Co4O9 +d (sE53 S cm–1 at 600 1C) is in the

range of usually required value for a cathode application (about 50–100 S cm–1). In order to test the

performance of each compound as cathode material, impedance measurements were carried out on

Ca3�xLaxCo4O9 +d/BaCe0.9Y0.1O3�d/Ca3�xLaxCo4O9 +d symmetrical half cells over the temperature range

400–800 1C under wet air. A promising electrocatalytic activity has been observed with both

compounds Ca3Co4O9 +d and Ca2.7La0.3Co4O9 +d. Factually, the area specific resistance obtained was

about 2.2O cm2 at 600 1C.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Nowadays solid oxide fuel cells (SOFCs) are attracting
considerable attention. They are considered as one of the
alternative energy production way that could solve the energy
supplying in specific conditions (remote sites, rescue systems,
domestic applications, etc.). The challenge for the different
research teams is to lower the operating temperature of SOFCs
from 900–1000 1C down to 600–700 1C. The fabrication cost is
then expected to be reduced which would facilitate the commer-
cialisation of such energy-conversion devices. Among the SOFCs,
proton conducting fuel cells (PCFCs) are promising technology
due to their working temperature range (500–700 1C). However,
only few reports deal with PCFC technology and especially
cathode materials for PCFCs in the literature [1–3]. In this context,
our main goal is then to find out and test new cathode materials
for PCFCs.

In the last two decades, cobaltite oxides have been widely
studied due to the fact that many of these compounds show good
electric conductivity and remarkable thermoelectric properties
that could be used in practical applications. Among these oxides,
the misfit layered cobaltite Ca3Co4O9 +d (dE0.37 for ideal
structure) is considered as a strong candidate [4]. Ca3Co4O9 +d

was first synthesised in 1968 [5]. Its structure consists in
alternating layers of a distorted CaO–CoO–CaO rock–salt-type
ll rights reserved.

. Mauvy).
layer and a CdI2-type CoO2 layer stacked along the c-axis direction
[6]. Partial substitutions of Ca for alkali metals (Li, Na, K), alkaline
earth metals (Sr, Ba), rare earth metals (La, Nd, Gd, Dy, etc.), Bi or
Tl have been performed in order to improve its thermoelectric
performances [7–13]. To our knowledge, nothing was reported on
evaluating Ca3Co4O9 +d as possible cathode material in intermedi-
ate temperature fuel cell systems. Thus, we have investigated the
synthesis and the electrochemical characterisation of Ca3Co4O9 +d

and the 10% lanthanum doped Ca3Co4O9 +d. Indeed, it has been
shown that the substitution of La for Ca increases significantly the
electronic conductivity of Ca3Co4O9 +d [11] In the present work,
Ca3Co4O9 +d and Ca2.7La0.3Co4O9 +d were applied on symmetrical
half cells using BaCe0.9Y0.1O3�d (BCY10) as electrolyte then
electrochemical characterisations were performed by impedance
spectroscopy.
2. Experimental

2.1. Synthesis

Two different synthesis routes were used to prepare pure
calcium cobaltite oxide and lanthanum substituted compounds.
The cobaltite oxide Ca3Co4O9 +d was prepared by solid state
reaction route starting from stoichiometric mixture of CaCO3 and
Co3O4 powders (Co3O4 was obtained by heating CoCO3 at 450 1C
for 12 h under oxygen gas flow). The powder was ground,
pelletised and fired at 800 1C for 10 h and at 900 1C for 50 h with
intermediate grindings.

www.elsevier.com/locate/jssc
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The 10% lanthanum doped cobaltite oxide was prepared by
nitrate self-combustion synthesis. The interest of this route is the
very low amount of impurity than the one obtained by classical
solid state synthesis. Furthermore, a shorter heating treatment
and less grindings are necessary to incorporate lanthanum into
the Ca3Co4O9 +d structure. A mixture of CaCO3, La2O3 and
Co(NO3)2 �6H2O were dissolved thoroughly in nitric acid with
the nominal composition of Ca2.7La0.3Co4O9 +d. The solution was
stirred, heated at 70 1C for 15 h and dried at 300 1C. The dried
mixture was calcinated at 800 1C for 40 h and at 900 1C for 24 h
with intermediate grindings. During this last step, a pellet was
made to ensure a total reaction. The progress of all the reactions
was followed by powder X-ray diffraction.

Commercially available powder from Marion Technology
Company was used for the electrolyte material BaCe0.9Y0.1O3�d

(BCY10). This powder was uniaxially pressed into pellet form
(20 mm in diameter and 1–2 mm thick), then isostatically pressed
(2 kbar) and finally sintered at 1450 1C for 12 h, in air, in order to
achieve a high relative density (compactness Z94%).
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Fig. 2. (a) Final observed, calculated and difference plots for the X-ray powder

diffraction (XRPD) profile refinement of Ca2.7La0.3Co4O9+d. A commensurate

structure model is considered. (b) Final observed, calculated and difference plots

for the X-ray powder diffraction (XRPD) profile refinement of Ca2.7La0.3Co4O9+d

(peaks marked with an asterisk indicate impurities: perovskite). A misfit structure

model with CoO2 (upper) and Ca2CoO3 (lower) subsystems is considered.
2.2. Structure and X-ray diffraction studies

The Ca3Co4O9 +d compound is a misfit-layered oxide consisting
in two monoclinic subsystems with identical a, c, and b
parameters, but different b parameters: a=4.8376(7) Å,
c=10.833(1) Å, b=98.06(1)1, b1=4.5565(6) Å, and b2=2.8189(4) Å.
The structure is built up from the stacking along c of triple rock
salt-type layers Ca2CoO3 (first subsystem) with single CdI2-type
CoO2 layers (second subsystem) (Fig. 1). As the ratio b1/b2=1.613
is close to 13/8, one could consider a commensurate
superstructure as a first approximation to describe the structure
with a=4.8376 Å, bE8b1E13b2=36.479 Å, c=10.833 Å and
b=98.061. Such supercell implies an ideal composition
Ca3Co3.94O9.37 [6].

The final Ca3Co4O9+d and Ca2.7La0.3Co4O9+d samples were
characterised using X-ray powder diffraction technique. The
data were collected at room temperature over the 2y angle range
5–801 with a step size of 0.021 using a Philips X-pert diffractometer
operating with CuKa1 radiation. A full pattern profile matching
refinement was performed using the JANA2000 program package
[14]. The background was calculated with a Legendre function, and
the peak shapes were described by a pseudo-Voigt function. The
refinement of peak asymmetry was performed using four Berar–
Baldinozzi parameters [15]. This allowed to check the purity of the
Ca3Co4O9+d sample and to detect the presence of a small amount
(o3%) of the La1�xCaxCoO3�d perovskite-type phase in the
Ca2.7La0.3Co4O9+d sample. The full pattern profile matching per-
formed by considering a commensurate structure (S.G. P21/m) led to
the following cell parameters: a=4.832 Å, bE8b1E13b2=36.467 Å,
c=10.819 Å, b=98.051 and V=1887.43 Å3 for Ca3Co4O9+d and
a=4.841 Å, bE8b1E13b2=36.467 Å, c=10.833 Å, b=97.871 and
Fig. 1. Proposed structural model for final observed C
V=1894.25 Å3 for La-doped Ca3Co4O9+d Fig. 2a). The increase of
the cell volume is in good agreement with the replacement of Ca2+

by a slightly bigger La3+ atom. These parameters are similar to those
reported for Ca3Co4O9+d [6]: a=4.8376 Å, bE8b1E13b2=36.479 Å,
c=10.833 Å, b=98.061 and V=1892.82 Å3. In the commensurate
structure, the b cell parameter is very large (bE36.479 Å), which
a3Co4O9 +d involving a supercell with b–8b1–13b2.
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induces the presence of a huge number of Bragg peaks especially at
high y angles. This makes the identification of the impurities
impossible. For that reason a full pattern profile matching using two
subsystems was performed (Fig. 2b).

2.3. Cathode–electrolyte chemical reactivity

The chemical reactivity between the cathode and electrolyte
was at first studied in order to evidence the possible formation of
a phase during the high temperature firing. The solid state
reaction between the cobaltite oxides and the electrolyte
BaCe0.9Y0.1O3�d (BCY10) were investigated by mixed powders.
: Ba6Co4O12
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Fig. 3. X-ray powder diffraction patterns before and after the heating cycle(2 h at

850 1C) of Ca2.7La0.3Co4O9 +d+BaCe0.9Y0.1O3�d (BCY10) mixture.
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Fig. 4. Particle size distributions of Ca3Co4O9 +d and Ca2.7La0.3Co4O9+d powders.

Fig. 5. (a) Scanning electron microscope (SEM) images of the symmetrical cell cros

microstructure, and (c) zoom of the region close to the electrolyte.
Fine powders of cathode and electrolyte materials were thor-
oughly mixed in a 1:1 molar ratio, then pressed as pellets and
fired at 700 1C for 2 h and at 850 1C for 2 h. These experiments
have shown no reactivity at 700 1C whereas at 850 1C there is a
clear evidence of the formation of a non-negligible amount of the
new phase Ba6Co4O12 for both cases, (BCY10) with doped and
undoped cobaltite oxides. The X-ray diffraction patterns before
and after the heating cycles are shown in Fig. 3.

2.4. Microscopy of the symmetrical half cells and laser particle size

analysis

Fig. 4 shows the particle size distribution of Ca3Co4O9 +d and
Ca2.7La0.3Co4O9 +d obtained using laser particle size analysis
(LPSA) after synthesis. The median size of Ca3Co4O9 +d and
Ca2.7La0.3Co4O9 +d particules is 2.4 and 4.2mm, respectively. This
is in contradiction with the SEM micrograph observations (the
grains sizes of Ca3Co4O9 +d are slightly bigger than those of
Ca2.7La0.3Co4O9 +d. This contradiction could be due to the presence
of aggregates in Ca2.7La0.3Co4O9 +d sample.

Figs. 5 and 6 report scanning electron microscope (SEM)
images of symmetrical half cells: cell#1, Ca2.7La0.3Co4O9 +d/BCY10/
Ca2.7La0.3Co4O9 +d and cell#2, Ca3Co4O9 +d/BCY10/Ca3Co4O9 +d,
respectively after the sintering step of the electrode on the
electrolyte pellet. The cells were sharply broken in the
investigated section in order to study the different
microstructures of the cathode, the electrolyte and the
intermediate region. In Figs. 5a and 6a, detailed views of the
cross sections of the tested cells are reported. The different
cathodes (Figs. 5b and 6b) are characterised by their porous
structures with lamellar shaped grains with a relatively
homogenous size. Nevertheless, it seems that the Ca3Co4O9 +d

grains are slightly bigger than those of Ca2.7La0.3Co4O9 +d. The
thickness of these cathode materials was �43 and �70mm for
Ca2.7La0.3Co4O9 +d (cell#1) and Ca3Co4O9 +d (cell#2), respectively.
Obviously, the electrolyte has a dense microstructure which
confirms the high calculated density (compactness Z94%) for
BCY10. It can be noticed that a very thin layer exists in between
the cathode and the electrolyte for both cells (Figs. 5c and 6c).
However, our EDX analyses were not efficient enough to perform
accurate quantitative analysis to determine the chemical
composition of these intermediate.
3. Results and discussion

3.1. DC four probes measurements

The total electrical conductivity of polycrystalline Ca3Co4O9 +d

dense pellets (compactness Z94%) was measured in the
temperature range 50–750 1C, at increasing and decreasing
temperature (2 1C min–1), under dry and wet air (air: H2O–97:3),
s-section (Ca2.7La0.3Co4O9 +d/BCY10/Ca2.7La0.3Co4O9 +d), (b) detail of the cathode
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Fig. 6. (a) Scanning electron microscope (SEM) images of the symmetrical cell cross-section (Ca3Co4O9 +d/BCY10/Ca3Co4O9+d), (b) detail of the cathode microstructure,

zoom of the region close to the electrolyte.
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using the four-probe dc technique [16]. The thermal variation
of the total electrical conductivity of Ca3Co4O9 +d is reported in
Fig. 7. The electrical conductivity is almost constant over the
whole temperature range 100–750 K. This is very similar to the
results reported by Masset et al. [6]. The electrical conduc-
tivity value sE33 S cm–1 at 600 1C is in the range of usually
required value for a cathode application (about 50–100 S cm–1).
Data obtained on Ca2.7La0.3Co4O9 +d give higher electrical conduc-
tivity (s=53 S cm�1 at 600 1C) than the non-doped compound.
According to these results, it can be concluded that the lanthanum
doping modified significantly the total conductivity mainly
governed by electronic carriers. One can also see that modifying
the working atmosphere (from dry to wet air) does not have any
influence on the electrical conductivity. This phenomenon can be
attributed to the chemical stability of the compounds and a low
influence of the ionic concentration to the total conductivity.
3.2. Electrochemical impedance spectroscopy

The Ca3Co4O9 +d and Ca2.7La0.3Co4O9 +d powders were mixed
with polyethylene glycol to make inks which were deposited on
the circular faces of the sintered BCY10 pellets by means of a
brush. The electrodes were then fired at 850 1C for 2 h. This
thermal treatment is adapted to provide good adhesion to the
electrolyte material and to avoid the decomposition of the
cobaltite oxides. Indeed, it is well known that Ca3Co4O9 +d
decomposes at 925 1C [17]. The impedance measurements were
carried out using an autolab frequency response analyser PGSTAT
302 over the temperature range 400–800 1C in humidified flowing
air (air:H2O–97:3).Before each measurement, the samples were
equilibrated at constant temperature for 2–5 h. The impedance
measurements were made during two subsequent heating and
cooling runs. The signal amplitude was 50 and a 0 mV dc bias
was used. A typical example of Nyquist diagram measured on
symmetrical cell under wet air at 609 1C is reported in Fig. 8.
A curve fitting was systematically performed using the Zview
software. Most of the impedance diagrams recorded in this study
can be decomposed, in the frequency range 1 MHz–0.01 Hz, into
two loops: MF and LF for middle and low frequency range,
respectively. The associated electrical equivalent circuit consist of
two parallel combination of a resistance and a constant phase
element (CPE: ZCPE=1/Y0(jo)n)) associated with a serial resistance
RS: RS+(RHF//CPEHF)+(RLF//CPELF). With respect to the associated
semi circles, the equivalent capacitance Ceq have been calculated
by the help of the relation: Ceq=R(1�n)/n

�CPE1/n. Equivalent
capacitance values of CHF

eq =6.2 10�5 F and CLF
eq =0.2 F resulting from

the fitting at 609 1C and according to literature data [20], one can
assign these contributions to the electrochemical reaction at the
electrode and to the gas diffusion through the electrode, respec-
tively. The fact that the equivalent capacities are independent
of temperature leads to confirmation of the presence of two
different electrochemical phenomena.

In the high temperature range, electrode polarisation resis-
tance is mainly observed in the LF region whereas an induc-
tive effect due to the connecting wires is measured in the HF
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region (Fig. 8). It can be assumed that the serial resistance RS is
primary due to the electrolyte resistance insofar as the electrode
ohmic resistance and the contact resistance are negligibly small.
Thus, the electrolyte resistance has been deduced from the high-
frequency intercept along the real axis of the Nyquist plots to
calculate the BCY10 conductivity. The relation used for the
calculations was s= l/(RB� S) where l, S and RB correspond to the
electrolyte thickness, the electrolyte surface area and the bulk
resistance, respectively. Fig. 9 shows the plot of log(sT) as a
function of 1/T for the half cell (Ca3Co4O9 +d/BCY10/Ca3Co4O9 +d).
The sample exhibit apparent Arrhenius-type T-dependencies of
BCY10 conductivities, with activation energies of 36.5 kJ mol�1.
The conductivity of 0.007 S cm�1 at 600 1C for BCY10 is in
agreement with values reported by Iwahara et al. (0.009 [18]
and 0.016 S cm�1 [19]).

Fig. 10 shows the thermal variation of the area specific
resistivities (ASR) which were calculated by the relation
ASR=Rp� S/2, Rp being the electrodes polarisation resistance
(Rp=RHF+RLF) equal to RT�RS (Fig. 8) and S the surface area of
both symmetrical electrodes. The value of 2.2O cm2 of the ASR
obtained at 600 1C for both cathodes is very interesting. By
comparison between Ca3Co4O9 +d and Ca2.7La0.3Co4O9 +d ASR, it
can be noticed on Fig. 10 that the difference in the total
conductivity (see Fig. 7) has no significant influence on the
electrocatalytic activity of the electrode. Furthermore this value
can be improved by optimising some parameters as the grain size,
the microstructure or the deposition process (serigraphy, spin
coating, deep coating, etc.). Indeed, it is well known that the
cathode material performances are very dependent on these
parameters [21].
4. Conclusion

In the present work, the Ca3Co4O9 +d and Ca2.7La0.3Co4O9 +d

powders were prepared by solid state and nitrate auto-combus-
tion routes, respectively. The electrical conductivity value mea-
sured on dense pellets is in the range of usually required value for
a cathode application for both compounds: s430 S cm–1 at
600 1C. These cathode materials were deposited on Y-doped
BaCeO3 by painting technique and then fired at 850 1C for 2 h.
The scattering electron microscope analyses have shown a good
adhesion of the cathode materials to BaCe0.9Y0.1O3�d (BCY10). The
electrochemical characterisations were performed by electroche-
mical impedance spectroscopy and demonstrated the good
potential of the cobaltite layered oxides as cathode material
(ASR=2.2O cm2 at 600 1C). Even if the total conductivity levels are
different for Ca3Co4O9 +d and Ca2.7La0.3Co4O9 +d, the polarisation
resistance measured in the range are nearly the same. Lastly, it is
expected that optimising the cathodes shaping (grain size,
microstructure and deposition process) will improve their
electrochemical performances.
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