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The misfit compound [CoO2][Ca2CoO3-δ]0.62 is well-known for its good potentialities in the field
of thermoelectric oxides combining good electronic transport, high Seebeck coefficient, and low
thermal conductivity. Its 2D-crystal structure can be regarded as a natural intergrowth between
electronic-conducting Co3þ/Co4þ hexagonal layers and oxygen deficient Co2þ/Co3þ rock-salt layers
with low thermal conductivity. Their lacunar character suggests a possible anionic conductivity. We
took advantage of this model for application as a SOFC cathode material. Additional advantages
appear from the good chemical and mechanical adaptability (TEC = 9-10 � 10-6 �C-1) with
intermediate temperature electrolyte, namely, CGO. The manufactured symmetrical cells show a
good electrode/electrolyte adherence, stable after long-time experiments. Our promising preliminary
electrochemical tests show a rather low electrode overpotential (4Ω 3 cm

2) for ∼40 μm thick layers
with a rather dense microstucture. The porosity and electric performances are improved in the
composite with 30 wt % CGO (∼1 Ω 3 cm

2). In general, from polarization experiments versus
temperature and oxygen pressure, we found two distinct processes, frequency-separated, that is, HF,
charge transfer at the TPB with intrinsic O2- diffusion; LF, gas transfer/oxygen dissociation. This
latter is largely fastened in the CGO/Ca3Co4O9-δ, reminiscent of the existing but limiting ionic
mobility in the single phase of the title compound.

Introduction

Intermediate temperature SOFCs (IT-SOFCs) ideally
working in the 500-700 �C range receive considerable
attention due to lower running costs, materials compat-
ibility, and long-time durability.1 Their expected electric
conversion efficiency well adapted to stationary applica-
tions requires (i) the preservation of high ionic electrolyte
performances, (ii) improvement of the catalytic activity
with minor electrical losses at the electrodes, and
(iii) good cathode/electrolyte/anode chemical and
mechanical compatibility along thermal cycling for cell
durability. It is generally established that the cathode
material becomes one major obstacle while reducing the
working temperature.2 Here the reaction at the so-called
three phases boundary (TPB) 1/2O2 (gas)þ 2e- (cathode)
fO2- (electrolyte) drives the electric performances and is
mainly responsible for overpolarization of the fuel cell.
Then, the necessity to provide new adapted cathode
materials for SOFC has turned out to be one hot topic
for the concerned scientific community.3 This need in
such functional materials becomes all the more a priority

since the discovery of so-called “colossal” O2- conduct-
ivity at the ZrO2:Y2O3 interfaces for epitaxial thin hetero-
geneous structures.4 By itself, this result opens wide
potentiality toward a significant lowering of the tempera-
ture regime until nearly room temperature, and the choice
for adapted electrodes becomes crucial.
Standard reported mixed ionic electronic conductor

(MIEC) cathode materials for SOFC are commonly
3D-perovskite such as Sr-doped LaMO3 (M=Mn,5

Co,6 Fe3) or SmCoO3.
7 In particular, the Co-based oxides

concerning our purpose have been focused on due to their
greater ionic conductivity at intermediate temperature
compared to manganites. At the same time, it is known
that 3D cobaltites display incompatible aspects in terms
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of (i) chemical reactivity with zirconia electrolyte and
(ii) greater thermal expansion coefficient (TEC> 20�
10-6 �C-1 for La0.6Sr0.4CoO3)

8 than those of standard
electrolytes, namely, TEC ∼ 10 � 10-6 �C-1 for YSZ
(yttrium stabilized zirconia), CGO (gadolinium doped
ceria), and LSGM (La1-xSrxGa1-yMgyO3). At this point,
one possibility to minimize these effects might be candi-
dates by changing the structural type, such as in oxygen
deficient double perovskite LnBaCo2O5þδ,

9 Ruddlesden-
popper (La,Sr)nþ1MnO3nþ1,

10 or Kagom�e lattice con-
taining YBaCo4O7þδ materials with versatile oxygen con-
tent.11 These compoundsmainly show an increased anionic
mobility assorted with encouraging cathode performances,
sometimes highlighting the important role of their 2D-
characteristics in the electrochemical process. However,
the chemical and thermal expansion compatibilities with
the electrolyte remain critical problems to overcome.
The present work is dedicated to the investigation of the

2D-Ca3Co4O9-δ (hereafter Ca349) for cathode applicat-
ion for IT-SOFCs. This misfit compound is most known
for thermoelectric applications12 which involve a high
figure of merit ZT (ZT=S2σT/κ, where S, σ, T, and κ are
the Seebeck coefficient, electrical conductivity, absolute
temperature, and thermal conductivity, respectively)
assorted with an optimal electrical conductivity, reported
>100 S/cm from room temperature to 800 �C.13 It is
noteworthy that the misfit structure is built upon sand-
wiching [CdI2]-type and rock-salt slabs according to the
formula [CoO2][Ca2CoO3-δ]0.62, the latter rock-salt
layers being oxygen deficient. It is worth recalling that
the low thermal conductivity is supposedly due to both the
structuralmodulation and theoxygenvacancies in the rock
salt blocks, acting as phonon scatterers. In addition, from
the specificities of similar [CoO2] layers in superconducting
sodium-cobalt bronzes hydrates,14 the layered electronic
transport appears strongly efficient andmainly responsible
for the electronic specificities of Ca349. From this scheme,
Ca349 could also be considered as a natural intergrowth
between electronic and O2- conducting units. It makes of
this compound an excellent candidate for the SOFC
cathode. Here we present our results about chemical
stability, thermal expansion, and electrochemical perfor-

mances of both Ca3Co4O9 and the composite 70 wt %
Ca3Co4O9-30 wt % CGO composite (30CGO). Those
materials appear to be suitable and strongly efficient for
intermediate temperature applications.

Experimental Section

Polycrystalline Ca349was synthesized using the conventional

solid state reaction. The stoichiometric mixture sample was

prepared from reagent grade CaCO3 and Co3O4 powders as

precursors and calcined at 880 �C for 12 h under air.

For thermal expansion measurements, powder was shaped

into pellets by uniaxial pressing at 10MPa and sintered at 880 �C
for 24 h in air, leading to 5 mm in diameter and ∼7 mm thick

pellets. 30CGO composites have also been prepared adding

reagent grade Ce0.9Gd0.1O1.95 (Anan Kasei Co. Ltd.). The

thermal expansion coefficient (TEC) was measured using a

Linseis, L75 dilatometer. The measurements were carried out

from 150 to 820 �C in several cycles.

The main stages for ink preparation and electrode deposition

have already been presented in a recent study on Ru-pyrochlore

cathodes.15 Briefly, it consists in the addition of 2 wt %

dispersant (alkyl ether phosphate acid) to the Ca349 powder

and a subsequent ball milling in acetone using zirconia mortar.

After air drying at room temperature, 65 wt%of organic binder

(terpenoid slurry) was added. Finally, the ink was obtained by

mixing again with acetone. The CGO electrolyte pellets, of

typically 10-11 mm in diameter and 1.5-2 mm thick after

sintering, were formed by uniaxial pressing at 2.5 MPa and

sintered at 1200 �C for 2 h in air. Symmetrical cells were obtained

by painting/drying the CGO pellets on both sides using the

selected ink. Cells are then heated up from room temperature to

500 �C during 12 h and then at 700 �C during 2 h and cooled

down to room temperature during 6 h.

XRD analysis of powders and deposited pellets was carried

out using a Bruker, D8 diffractometer, Cu KR radiation. High

temperature X-ray diffraction (HT-XRD) was measured for

Ca349 powder from 150 to 950 �C using an Anton Paar HTK

1200N chamber under flowing air, ΔT = 25 K. The lattice

parameters of the two sublattices were refined using the pro-

file-matchingmode available in JANA2006.16 Here, we used the

modulated 4D-composite approach in the X2/m(0, p, 0)s0 super

space group, p∼ 0.62. TheX symbol denotes the 4D (1/2 1/2 0 1/2)

centering. Sublattices [CoO2] and [Ca2CoO3] are related by

symmetry (for a full crystallographic description, see ref 17).

Impedance spectroscopy measurements were performed

using the Solartron, SI 1260 analyzer in the 1.0 mHz-1.0 MHz

domain. The imposed signal amplitude during measurements

was verified to be low enough (50 mV) for a zero DC polarizat-

ion current approximation, with respect to the linearity of the

electrical response. Gold electrodes were used as current collec-

tors. Measurements were performed at various temperatures

and under various oxygen partial pressures as detailed in the

concerned section. However, it is noteworthy that we paid a

special attention to the stabilization time, necessary to reach

equilibrium between each temperature or pO2 step. Typically
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(10) Manthiram, A.; Prado, F.; Armstrong, T. Solid State Ionics 2002,
152, 647.

(11) (a) Karppinen, M.; Yamauchi, H.; Otani, S.; Fjita, T.; Motohashi,
T.; Huang, Y. H.; Valkeap,M.; Fjellvg, H.Chem.Mater. 2006, 18,
490. (b) Tsipis, E. V.; Kharton, V. V.; Frade, J. R. Solid State Ionics
2006, 177, 1823. (c) Tsipis, E. V.; Khalyavin, D. D.; Shiryaev, S. V.;
Redkina, K. S.; N�u~nez, P. Mater. Chem. Phys. 2005, 92, 33.

(12) (a) Li, S.; Funahashi, R.; Matsubara, I.; Ueno, K.; Yamada, H.
J. Mater. Chem. 1999, 9, 1659. (b) Limelette, P.; Hardy, V.; Auban-
Senzier, P.; Jerome, D.; Flahaut, S.; Hebert, R.; Fresard, Ch. Simon
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between each temperature step, the stabilization time is more

than 4 h, while the pO2 stabilization is performed overnight.

Before each measurement it was checked that the electrochemi-

cal response was stable. Here, we defined our own stability

criteria based on two successive measurements (Δt≈ 2 h) of Rp

that should not evolve of more than 5%.15 The impedance

spectra are treated and refined using ZView 3.1c.18

Scanning electron microscopy (SEM) was performed using

a FEG Hitachi Ltd. S-4700 microscope for micrographs of

powder grains and cross section of the cells.

Results and Discussion

Chemical and Mechanical Compatibility. The prelimin-
ary test for electrode/electrolyte reactivity has been per-
formed considering the 50 wt%Ca349 and 50 wt%YSZ
or CGO mixture pelletized under 10 MPa and heated for
100 h at 800 �C. Previous studies have already suggested
the incompatibility between zirconia-based electrolyte
and cobaltite La1-xSrxCoO3 (LSC) or Manganite
La1-xSrxMnO3 (LSM). It yields the formation of low
conductive La2Zr2O7 or SrZrO3.

19 In the case of Ca349,
the formation of CaZrO3 andCo3O4 products was clearly
observed and seriously restricts the viability of such an
interface. However, as shown on Figure 1, no reaction
occurs in the same conditions using CGO which high-
lights the pertinence of our study. Beside the electroche-
mical performances, the mechanical electrode/electrolyte
compatibility is a necessary attribute for a potential cell.
It should protect from superficial cracks which irremedi-
ably damage the electric capacity after several cyclings.
To our knowledge, the thermal expansion coefficient
(TEC) has rarely been reported in the literature for
Ca349. It was only measured for doped Ca2.7Bi0.3Co4O9 to
estimate the durability of mounted thermoelectrics p-type
Ca3Co4O9/n-typeCaMnO3 modules, leading to TEC=
8-9� 10-6 �C-1 between 100 and 900 �C.20 Our experi-
mental thermal expansionandrelatedTECresults are shown
in Figure 2 for Ca349 and 70 wt % Ca349-30 wt % CGO
composite. It yields TECvalues of Ca349 between 9 and 10�
10-6 �C-1. Of course the effect of dilution of 30 wt%CGO

slightly shifts this value to 10-11�10-6 �C-1 as expected
from the TECof this latter CGOaround 11-12�10-6 �C-1

in the same thermal range.21 As already mentioned in the
Introduction, such thermal dilatation coefficients are similar
to thoseof standardelectrolytes (∼10�10-6 �C-1) compared
to prohibitive values of around 20�10-6 �C-1 inmost of the
Co-based 3D-perovskites. Furthermore, this good compat-
ibility is favorable for long-term stability. HT-XRD experi-
ments have been performed to evaluate the anisotropy of the
thermal expansion along the distinct crystallographic axes.
At this point, we must insist on the particularity of such a
layered structure. It is all the more complicated by the
incommensurate imbrications of two monoclinic sublattices
according to the structural composite approach. They are
conventionally called sublattice H, which stands for hexago-
nal CdI2-type layers [CoO2], with axes a, bH, and c and
sublattice RS, for rock salt blocks [Ca2CoO3-δ], with para-
meters a, bRS, and c. Themodulation vector along b* is given
by p=bH/bRS. Figure 3 depicts the temperature dependence
of the lattice parameters. Their evolutions result from several
phenomena reported in the literature, while new insights can
be deduced from the comparison between the individual
observation of each sublattice. First, it is known that the
oxygennonstoichiometry concerns the rock-salt blocks lead-
ing to the chemical formula [CoO2]1.62[Ca2CoO3-δ], where
δ changes from 0 to 0.14 depending on the oxygen pressure.
Considering aþ3.5 value for the cobalt valence in the [CoO2]
layer (as in NaxCo2O4 with similar [CoO2] layers), the mean
valence of cobalt in the [Ca2CoO3-δ] layer is estimated to be
in the range of þ2.54 to þ2.81.22 Indeed, as-prepared
samples are reportedwithδ close to zerowhile heating under
air, a progressive oxygen loss, is detected reachingδ∼ 0.10 at
900 �C.23 Thus, mainly rock salt blocks should become
partially reduced on heating. In addition, above 650 �C,

Figure 1. XRD pattern after reactivity tests between Ca3Co4O9-δ and
YSZ (a) or CGO (b).

Figure 2. Linear thermal expansion and thermal expansion coefficient of
Ca3Co4O9 (small filled circles) and 30CGOcomposite (large filled circles).
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State Ionics 2003, 160, 247. (b) Du, Y.; Sammes, N. M.; Tompsett,
G. A.; Zhang, D.; Swan, J.; Bowden, M. J. Electrochem. Soc. 2003,
150, A74.
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the electrical conductivity shows an abrupt jump. This
phenomenon could correspond to a change in the cobalt
spin state inHandRSblocks.23,24At the upper temperature,
Ca349 decomposes into Ca3Co2O6 and CoO. Our refined
lattice parameters show evidence of a broad transition
centered at Tt ≈ 775 �C, which could picture cobalt spin
states mentioned above. At Tt, the slope of the linear
dependence of a, bH, and c increases. However, the less
pronounced bRS(T ) dependence which is nearly constant
suggests that the spin state transition mainly concerns the
Co3/4þ of the CdI2-type layers. It is reminiscent of their
important role in the electron conduction mechanism.
From Figure 3, the volumic expansion coefficient

ΔV/(V0�ΔT) of sublattices H and RS, in the investigated
temperature range, are estimated to be 45�10-6 and 32�
10-6 �C-1, respectively. From the simple volumic expres-
sion V=a�b�c sin β, the TEC anisotropic contributions
along the three perpendicular crystallographic axes a, b,
and c* (this latter being perpendicular to the layers) can
be developed using ΔV/(V0�ΔT)=1/ΔT(Δa/a0 þ Δb/b0
þ Δ(c* sin β)/c0 sin β0)=TECa þ TECb þTECc*. Then,

fromFigure 3, we calculated the values of these contribut-
ions for ΔT=900 �C.

Sublattice H:

45�10-6ðV Þ ¼ 16� 10-6ðaÞþ11� 10-6ðbHÞþ18� 10-6ðc�Þ

Sublattice RS:

34�10-6ðV Þ ¼ 16� 10-6ðaÞþ0ðbRSÞþ18� 10-6ðc�Þ

The following points can now be made:
(i) The difference of TEC along b between the two

sublattices is compensated by the increase of the
pmodulation vector upon heating. It means that
their geometrical imbrication along b and the
stoichiometric ratio between them (mean for-
mula = [H]1/p[RS]) are progressively modified
to respect the matching of both lattices. It also
involves the creation of defects and constraints
on heating/cooling cycles.

(ii) In the RS lattice, one should note that the change
in oxygen stoichiometry versus temperature
compensates the standard positive thermal
expansion, the bRS lattice parameter remaining
nearly constant versus temperature. In the oppo-
site, at both sides ofTt, the stoichiometric [CoO2]
layers show a standard thermal expansion.

(iii) By averaging TEC along a, bH, bRS, and c*, we
found the theoretical TEC ∼ 13 � 10-6 �C-1

rather close to the experimental value of 9-10�
10-6 between 30 and 930 �C. The difference is
explained by the compacity of the pellets used

Figure 3. Lattice parameters (a-c) a, b, and c, (d) β and p, and (e) volume
versus temperature.

Figure 4. Scanning electron micrographs of cutting cross section of
(a) Ca349 and (b) 30CGO deposited on the CGO pellet.

(24) Masset,A. C.;Michel, C.;Maignan,A.;Hervieu,M.; Toulemonde,
O.; Studer, F.; Raveau, B.; Hejtmanek, J. Phys. Rev. B 2000, 62,
166.
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for TEC determination (∼80% after TEC
measurement). Of course, concerning the techni-
cal aspect involved in porous electrode layers, the
effective experimental TEC prevails.

(iv) The dilatation appears slightly anisotropic by
comparing the components along a, b (average of
H and RS contributionsf 5.5�10-6 �C-1), and
c*. It mainly shows lowest and greatest expan-
sion along b and c*, respectively. However,
the SEM micrographs discussed below show
plaquette-like shaped crystallites, in probable
relation with the layered structure of Ca349.
The accommodation of large/weak TEC with
short/long dimensions of the crystals is expected
to reduce the disagreements possibly due to
anisotropic expansion effects.

Electrochemical Characterization. To optimize the mi-
crostructure of the electrode, we have followed the grain size
evolution in function of grinding time. The powders were
mixed with acetone and ground by ball-milling (zirconia
mortar at 700 t/min) with various duration. The grain size
was determined by SEM micrographs. Figure S1 of the
Supporting Information shows the grains before ball milling
and after 9, 12, and 24 h grinding times. No significant
decrease of the grain size was observed before 12 h, the
particle size being in the range of 1.5-4 μm. However, an
obvious grain size reduction after 24 h had been found,
leading to 0.5-1 μm particles. This preliminary grinding
step was adopted for Ca349 and CGO/Ca349 composite.
By comparison with others colbaltite cathodes like LSC
or our current results on other cobaltites such as Ba2-
Co9O14,

25 the CGO/Ca349 adherence is good, leading to
homogeneous layers typically 15-30 μm thick (Figure 4).
The good adhesion at the interface is perceptible

through the absence of cracks on the surface (see Sup-
porting Information Figure S2). However, after electrode
sintering, the porosity seems reduced according to the
SEM micrographs shown on the Figure 4a. This grain
aggregation is a major obstacle to overcome in our future

works. The XRD analysis of the deposited electrode layer
shows no evidence of phase degradation after the sinter-
ing stage. For comparison purposes, pure Ca349 and
30CGO cathodes were prepared using the same method
as described before. The cathode performance of Ca349
and 30CGO in a symmetrical cell configuration was
investigated via AC impedance spectroscopy under air
and various oxygen atmospheres. The measurements
were carried out on heating by steps of 50 �C from 540
to 760 �C. In addition, electrochemical measurements
were also performed at various pO2 values ranging from
3 � 10-5 to 1 atm. The oxygen partial pressure was
monitored by mixing O2 and N2 by means of an electro-
chemical pump and an oxygen gauge.
Pure Ca349. The Nyquist plot for the Ca349 electrode

under air is shown in Figure 5a as a function of the
temperature. The impedance spectra are characterized
by a single impedance arc intercepting the real axis at
approximately 45� in the high-frequency domain char-
acteristic of a Warburg or Gerischer impedance circuit.
The former was preferred to a Gerischer-impedance
leading to best refinements, see Supporting Information,
Figure S3, but it involves solid state anionic diffusion

Figure 5. Temperature dependence of impedance spectra of pure Ca349 (a) and 30CGO (b) on air. The characteristic frequencies are indicated by their
decimal exponents in Hertz, e.g., -1 for 10-1 Hz.

Figure 6. Arrhenius plots of total polarization resistance and calculated
activation energies of Ca349 (filled triangle) and 30CGO (filled circle)
cathodes deposited on the CGO pellet in air.

(25) Ehora, G.; Daviero-Minaud, S.; Colmont, M.; Andr�e, G.; Mentr�e,
O. Chem. Mater. 2007, 19, 2180.
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that will be discussed below. It is associated with a
vertical negative drop, being related to the inductance
L attributed to high-frequency artifacts arising from the
measurement apparatus. The intercept of the electrode
impedance on the real axis R1 represents the overall
ohmic resistance, namely, the electrode x CGO pellet x
lead wire resistances. However, up to 400 �C no imped-
ance contributions of the CGO-electrolyte and grain
boundaries are observed. As a result of the symmetrical
cell geometry, the area specific resistance (ASR) was
calculated from the total polarization resistance Rp and
electrode surface area S using the following formula:
ASR=(Rp�S)/2. ASR(T) obeys an Arrhenius behavior
with typical values from 4 to 400 Ω 3 cm

2 between 700
and 500 �C, smaller than the pure LSM cathode
(∼30 Ω 3 cm

2)26 but higher than the LSCF one
(∼0.5Ω 3 cm

2)19 at the same temperature. The activation
energy value is Ea=1.55 eV (Figure 6 and Table 1) to be
compared with the 1.6 eV of the LSM cathode and the
1-1.6 eV of the LSCF. As a matter of fact, taking into
account the preliminary character of our study, these
rather low values emphasize the interest for developing
this cobaltite.
The electrode reaction involves several interplaying

processes and/or limiting mechanisms: (i) oxygen reduct-
ion/charge transfer at the current collector/electrode
interface and electrode/electrolyte interfaces, (ii) oxygen
exchange at the electrode surface, (iii) bulk and surface
diffusion of oxygen species, and (iv) gas phase diffusion26

imply the deconvolution of the impedance spectra into
elementary semicircles fitted by corresponding equivalent
circuits. For Ca349, the impedance arc deconvolution
shows two overlapping depress circles leading to the
equivalent circuit of Figure 7. Then, the electrode react-
ion involves a Warburg element WS (short circuit
terminus) at high frequency response and R2 associated
with a constant phase element CPE (low frequency
response). That equivalent circuit was considered for all
investigations, including T and pO2 effects and modifica-
tion of the electrode by CGO-adding, see Tables 1 and 2.
The impedance of CPE can be express as Z=1/[B(jω)R]
where B is a constant independent of the frequency, ω is
the angular frequency, and R an exponential term. For
R=1, CPE represents an ideal capacitance C.
The equivalent circuit itself assorted with the frequency

range for the two contributions is nearly similar to that

observed for Sr1-xLaxCo0.8Fe0.2O3-δ (LSCF) deposited
on CGO. 27 This latter is recognized as a MIEC above
600 �C28 and is a promising cathode material, due to large
oxygen fluxes expected from its important O2- conduc-
tivity. From general features and on the basis of this latter
work, the high frequency arc (fitted here by theWS element)
may be associated to the transfer process at the electrode/
electrolyte interface. For LSCF, the use of a Warburg
circuit has been interpreted as a finite length ionic diffu-
sion. In the absence of experimental evidence forMIEC in
Ca349, we have to carefully analyze the HF domain, but
an identical phenomenon is plausible taking into account
the ideal O2- diffusion paths in the oxygen deficient rock-
salt layers. The low frequency arc (fitted here by R2//
CPE) can be ascribed to slower mechanisms related to
the oxygen diffusion process. It includes the adsorpt-
ion-desorption of oxygen gas, oxygen diffusion at the
gas/cathode interface, and the surface diffusion of the
intermediate oxygen species. The absence of any addit-
ional high frequency semicircle on experimental impe-
dance diagrams, evenwhen lowering the temperature, can
evidence a sufficiently fast charge transfer process occur-
ring at the current collector/electrode and electrode/elect-
rolyte interfaces.29

Under air, the comparison between WR (resistivity part
ofWS) andR2 forCa349 shows similar order ofmagnitude
versus temperature, reminiscent of at least two distinct
electrochemical processes. As expected, the effect of redu-
cing pO2 emphasizes the HF and LF circles separation
(Figure 8a), but mostly influences R2, in agreement with
the driving limitation by the gas/cathode exchange ki-
netics. It is remarkable that from air (pO2=0.2 atm) to
oxygen (pO2 = 1) the ASR value increases in the full

Table 1. Calculated Normalized Polarization Resistance, m-Value, and Activation Energy in Ca349

normalized polarization resistance (Ω 3 cm
2)

700 �C 600 �C 500 �C activation energy (eV)

oxygen partial pressure (atm) WR R2 total ASR WR R2 total ASR WR R2 total ASR WR R2 total ASR

1 2.34 2.60 4.94 161.4 21.0 37.4 10.4 506 516 1.43 1.71 1.51
2.1 � 10-1 1.29 2.72 4.00 13.1 11.4 24.5 297 71.66 369 1.69 1.28 1.55
2 � 10-3 11.2 6.40 17.6 47.2 21.3 68.6 128 674 802 0.78 1.53 1.25
3 � 10-4 24.5 46.1 70.6 141 65.9 207 360 1541 1901 0.86 1.17 1.08
7 � 10-5 51.1 148 199 365 408 773 511 4064 4575 0.72 1.09 1.02

m-value 0.42 0.58 0.40 0.40 0.42 0.49

Figure 7. Equivalent circuit used to fit the impedance spectra. Par-
enthetical reference (capacitor C) is applied according tomeasurement
condition.

(26) (a)Liu,M. J. Electrochem.Soc. 1998, 145, 142. (b) Adler, S. B.; Lane,
J. A.; Steele, B. C. H. J. Electrochem. Soc. 1996, 143, 3554.

(27) Grunbaum, N.; Dessemond, L.; Fouletier, J.; Prado, F.; Caneiro,
A. Solid State Ionics 2006, 177, 907.

(28) Mantzavinos, D.; Hartley, A.; Mercalfe, I. S.; Sahibzada, M. Solid
State Ionics 2000, 134, 103.

(29) (a) Adler, S. B. Solid State Ionics 1998, 111, 125. (b) Imanishi, N.;
Matsumura, T.; Sumiya, Y.; Yoshimura, K.; Hirano, A.; Takeda, Y.;
Mori, D.; Kanno, R. Solid State Ionics 2004, 174, 245.
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investigated temperature range. This rather rare phenom-
enon should be the consequence of a sensitive oxidation of
rock salt layers toward a greater CoIII/CoII ratio. The
deterioration of the electrochemical performances under
high pO2 is under investigation but is an additional clue for
the participation of intrinsic ionic mobility in Ca349 that
would strongly depend on the concentration in oxygen
vacancies.
The analysis of the dependence on pO2 can qualita-

tively be expressed in terms of the phenomenon asso-

ciated with each subcircuit. A possible distinct-
ion between elementary mechanisms follows from the
evaluation value of the reaction order m according to
Rel � (pO2)

-m:30

- Reaction involving molecular oxygen concentration
suchas gaseousdiffusionsofoxygenmolecules (m∼1)

- O2 dissociation reaction including adsorption/
desorption and reduction (m ∼ 1/2)

- Surface exchange process (m ∼ 1/3)
- Charge transfer at the triple phase boundaries

(TPBs), ionic conductivity for MIEC (m ∼ 1/4).

The logarithmic relation between WR/R2 and p(O2) is
shown on the Figure 9 for Ca349 at 700 �C. We found

Table 2. Calculated Normalized Polarization Resistance, m-Value, and Activation Energy in 30CGO

normalized polarization resistance (Ω 3 cm
2)

760 �C 700 �C 600 �C 540 �C activation energy (eV)
oxygen partial
pressure (atm) WR R2 total ASR WR R2 total ASR WR R2 total ASR WR R2 total ASR WR R2 total ASR

1 0.36 0.36 0.71 0.71 5.21 5.21 19.9 19.9 1.35 1.35
2.1 � 10-1 1.00 0.05 1.05 1.39 0.02 1.42 6.83 0.86 7.68 17.0 4.48 21.5 1.11 1.88 1.22
1.2 � 10-3 2.40 9.15 11.6 4.00 11.7 15.6 13.0 12.0 25.0 26.4 20.5 46.8 0.80 0.22 0.44
1.4 � 10-4 6.16 46.6 52.7 6.23 60.9 67.1 19.5 81.0 100 40.4 128 168 0.67 0.31 0.37
3.7 � 10-5 120 1280 1399 178 1906 2084 431 3539 3970 622 5024 5646 0.56 0.45 0.46

m-value 0.26 0.94 0.25 1.00 0.14 0.85 0.11 0.85

Figure 8. Oxygen partial pressure dependence of impedance spectra for
Ca349 (a) and 30CGO (b) at 700 �C. The insets show various levels of
zoom.

Figure 9. pO2 dependence of ASR and calculated m-values at 700 �C of
charge transfer resistance (a) WR and (b) diffusion resistance R2.

(30) (a) Takeda, Y.; Kanno, R.; Noda,M.; Tomida, Y.; Yamamoto, O.
J. Electrochem. Soc. 1987, 134, 2656. (b) Siebert, E.; Hammouche, A.;
Kleitz, M. Electrochim. Acta 1995, 40, 1741. (c) Mizusaki, J.; Amano,
K.; Yamauchi, S.; Fueki, K. Solid State Ionics 1987, 22, 313.
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mR2= 0.58 which denotes a significant influence of the
working oxygen concentration, in possible relation with
the rather densemicrostructure and the subsequent oxygen
gas dissociation as the limiting step. At least, the oxygen
deficient rock salt blocks assorted with the electronic
conductivity of CoO2 layers appears as a serious asset for
intrinsic electro-catalytic properties ofCa349, but it should
be limited by the oxygen vacancies concentration.23 From
mWR=0.42, we can suppose similar limitations for oxygen
reduction and diffusion at the electrode/electrolyte inter-
face. In the case of cathodes with mixed iono-electronic
conductivity, the whole electrode/electrolyte contact area
is used for O2- transfer. It is in agreement with important
decreasing of the LF part magnitude with pO2 increase,
while the influence on the HF contribution is less drastic,
see Figure 8a. However, R2 does not drop to zero under
oxygen partial pressure, indicating a limitation for gas
phase dissociation. The main reason for this will be
clarified in the next section. Finally, from the SEM cross
sectional views of Figure 4, it follows that the relatively
dense and thick Ca349 texture could be largely responsible
for the resistant phenomena (HF and LF) detailed above.
Effect of CGOAdding. It is known that the development

of a series of new cathodes by mixing the ionic conducting
phase results in a significant improvement on the electro-
chemical properties. In the case of Ba0.5Sr0.5Co0.6-
Fe0.4O3-δ(BSCF)/Ce0.8Sm0.2O1.9, best performances have
been obtained for a ratio of 30 wt %.31 We also found
optimized behavior for 70 wt % Ba2Co9O14

25 30 wt %
CGO in very recent investigationonnew cathodematerials.
This ratio has been selected in our study. It is obvious from
the Figure 5b that the ASR is significantly reduced com-
pared to pure Ca349, leading to 1-20Ω 3 cm

2 between 760
and 540 �C. The activation energy of the Arrhenius beha-
vior, Ea=1.35 eV, is less significantly minored, Figure 6,
Table 2. No reaction between CGO and Ca349 was det-
ected by XRD after the electrochemical tests.
Two major reasons could explain the positive effect of

CGO adding: the reducing of the thermal expansion mis-
match problem and improvement of the electrolyte/elect-
rode interfacial front. However, as already discussed, this
effect should be minor, taking into account the dilatation
adaptability betweenCGOandCa349. Then, the important
role of CGO-adding should mostly concern the increase of
both TPB concentration by creation of strongly efficient
O2- diffusion paths in the composite electrode and an
increase of the porosity as shown in Figure 4b. The fit
reveals that the ohmic overpotential due to both R2 (better
O2- diffusion) and WR (higher TPB concentration) is
improved (Table 2). At 700 and 760 �C, we found mR2 of
∼1. This maximal pO2 dependence clearly indicates the
efficient function of the added CGO for O2-mobility, since
the contribution to the overpotential corresponding to gas-
oxygen absorption and diffusion in the porous solid almost
vanishes in air and was not observed in the oxygen atmo-

sphere (R2-0), Figure 8b. As a consequence, as expected for
realMIECs,mWR is found to be equal to 1/4, the character-
istic value for charge transfer at theTPBand ionic diffusion.
Indeed, the relatively low resistance associated with these
phenomena as soon as 650 �C is promising.
At this point the very good stability observed for Ca349 and

30CGOcathodesmust bementioned.The impedancemeasure-
ments done after going back to air atmosphere, after several
temperatures andpO2 cycling, shownomodificationsof the cell
ohmic resistance (Figure S4, Supporting Information).
From these results, by comparison between the two

electrodes, it is clear that one limitation associated to
Ca349 results from restrained O2- diffusion that
enhances the importance of the microstructure through
an improvement of TPB concentration. At least this
primary investigation seems to indicate that an intrinsic
ionic mobility exists in Ca349, in agreement with the best
impedance fitting using a Warburg circuit, since mean
ASR values are small and gas (LF)/solid (HF) contribut-
ions are not clearly separated in air. The microstructural
features are hardly comparable between pure Ca349 and
the composite, the latter appearing more porous. That
effect probably plays an important role on the better
properties of the composite cathode.

Concluding remarks

We have investigated the 2D-Ca3Co4O9-δ misfit com-
pound as a possible cathode material for IT-SOFC. Its
experimental thermal expansion, between 9 and 10�10-6

�C-1 for pure Ca349, closed to the TEC of CGO (11-12�
10-6 �C-1) allowed a very goodmechanical compatibility
at the electrolyte/electrode interface, differently from the
Co-based 3D-perovskite cathode with prohibitive TEC
values of around 20 � 10-6 �C-1. Furthermore, the
mechanical properties are assorted with an excellent
chemical compatibility with CGO which is favorable to
long time stability, confirmed by several air impedance
measurements without any modifications after long tem-
perature and pO2 cycling. The investigation of the elec-
trochemical properties showed promising values of the
ASR for the Ca3Co4O9-δ cathode comparable with other
conventional cathode materials. Furthermore, the
30CGO composite shows an improvement of the cathode
reaction, by promoting the O2- diffusion. However, a
certain amount of intrinsic ionic diffusion seems to exist
in the pure compound. Its improvement in Ca349 should
be envisaged in further aliovalent substitution of Ca2þor
Co2þ/3þ in the rock-salt blocks. It is remarkable that, at
this point, both the thickness and porosity appears rather
limited for cathode performances. Efforts are currently
under investigation to improve theses features by both the
optimization of the ideal grain size and/or by using
porous agents such as cellulose in the deposition stage.

Supporting Information Available: SEM micrographs, fit of

Ca349 at 700 �C and 600 �C under air using a HF Warburg and

Gerisher circuits, and cell ohmic resistances (PDF). This material is

available free of charge via the Internet at http://pubs.acs.org.
(31) Li, S. Y.; Lu, Z.; Wei, B.; Huang, X. Q.;Miao, J. P.; Liu, Z. G.; Su,

W. H. J. Alloys Compd. 2008, 448, 116.
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