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a b s t r a c t

The influence of different application-oriented factors on the electrochemical activity and stability of
TbBaCo3ZnO7+ı when used as a solid oxide fuel cell cathode has been studied. Calcination at tem-
peratures above 900 ◦C (e.g. 1000 ◦C) leads to a significant increase in the electrode polarization
resistance. The effect of the sintering temperature of the TbBaCo3ZnO7+ı cathode seems to be more
important than the effect produced by the Tb substitution as observed when compared with 900 ◦C-
sintered YBaCo3ZnO7+ı; and ErBaCo3ZnO7+ı electrode performances. The presence of CO2 in the air
flow leads to an increase of roughly 10% in the polarization resistance for the whole studied tem-

◦

xygen storage
OFC
athode
ow thermal expansion

perature range (500–850 C) while this effect is reversible. Analysis of the impedance spectroscopy
measurements shows that the exchange rate constant (kG from Gerischer element) is significantly
affected by CO2 at temperatures below 700 ◦C, while the diffusion coefficient related parameter is
slightly influenced at low temperatures. Electrode degrades with a low constant rate of 1 m� cm2 h−1

after 60 h. This cathode material exhibits high CO2 tolerance, as shown by temperature programmed
treatment under a continuous gas flow of air with 5% CO2, and a relatively low thermal expansion

coefficient.

. Introduction

Energy conversion on solid oxide fuel cells (SOFCs) systems
sed in stationary applications enables energy savings and high
hermal integration. SOFC-based systems are an alternative for dis-
ributed energy production (combined power and heat generation)
rom fossil fuels (e.g. natural gas) and biomass-derived fuels (e.g.
ioethanol) and are being introduced for building and domestic
pplications. However, high SOFC operating temperatures require
he correct adjustment of the thermo-chemical properties of vari-
us cell components. Conventional SOFCs are based on oxygen-ion
onducting electrolytes such as yttria-stabilized zirconia (8YSZ),
r gadolinia, or samaria-doped ceria (GDC or SDC). The thermo-
hemical properties of the other cell components should thus
atch those of the electrolyte material. For example, state-of-the

rt anodes are made of ceramic–metal composites (cermets) con-
isting of nickel oxide and the corresponding electrolyte material,

.e., 8YSZ or GDC. Cermet anode thermal expansion then correctly
ts the electrolyte. Moreover, highly active cathode materials are
ased on cobaltites [1–4] containing lanthanides and strontium and
ave a perovskite crystalline structure. At high temperatures, the
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reactivity of these materials with conventional 8YSZ electrolyte is
high [5] and it is necessary to apply a top GDC protective layer
for SOFC applications [6]. In addition, perovskite materials based
on cobaltites present significantly higher thermal expansion coef-
ficients than the aforementioned electrolytes.

Recently, a series of materials based on the swedenborgite
YBaCo4O7+ı structure have been described as oxygen-storage
materials at high temperatures [7]. These layered cobalt oxide
materials are related to the well-known YBa2Cu3O7+ı superconduc-
tor [8,9]. This material exhibits a unique oxygen-storage behavior
under atmospheric pressure and it is possible to achieve very high
overstoichiometric values in oxygen at temperatures of around
325 ◦C. The YBaCo4O7+ı structure presents a hexagonal symmetry
(space group P63mc) [10] and consists of two kinds of corner-
sharing CoO4 tetrahedra located in separate, alternatively stacked
layers of triangular and kagome types. Cobalt cations are in
tetragonal coordination and presumably the low-spin to high-spin
transition may be inhibited [11], which could explain the relatively
low thermal expansion coefficient experimentally determined for
these materials. Moreover, yttrium cations are in octahedral coordi-
nation as a part of the kagome layer, and Ba cations are coordinated

by 12 oxygen atoms. A weakness of this material is the low stability
above 800 ◦C due to the reducibility of Co3+. This aspect has been
improved through: (1) the substitution of Y by other lanthanides
with smaller ionic radii such as Yb and Lu [7,12]; and (2) the partial

dx.doi.org/10.1016/j.jpowsour.2010.11.035
http://www.sciencedirect.com/science/journal/03787753
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Nomenclature

Rchem characteristic resistance (� cm2)
tchem characteristic relaxation time (s)
ω frequency (Hz)
Z0 Gerischer pseudo-impedance parameter

(� cm2 s−0.5)
kG Gerischer rate constant parameter (s−1)
� thermodynamic factor ((1/2)(( ∂ ln(pO2))/∂ ln(cv)))
A surface area per volume (cm2 cm−3)
k oxygen surface exchange coefficient (cm s−1)
ci oxide ion concentration (mol cm−3)
cv oxygen vacancy concentration (mol cm−3)
ε electrode porosity
R gas constant (8.3145 J K−1 mol−1)
T temperature (K)
F Faraday constant (96,484 C mol−1)
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the processes at different frequencies (Fig. 2). At high temperatures
(Fig. 2a – 850 ◦C) for both Tb electrodes, the rate limiting processes
are associated with medium-to-high frequency processes (relax-
ation times around 1–10 kHz), which might be related to transport
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ubstitution of Co by Zn (e.g. the compound YBaCo3ZnO7+ı, achieves
igh stability above 900 ◦C) [13–15]. Preliminary tests have been
ade regarding the suitability of these materials as SOFC cathodes

16,17]. The interesting electrochemical behavior of these mate-
ials may be related to the reported oxygen mobility and storage
apacity, and the important concentration of a redox catalytic metal
uch as cobalt. In [16], the electrochemical oxygen activation has
een studied for three different compounds in which the lanthanide
ature was varied while cobalt was partially substituted by zinc. In
ddition to the high electrochemical activity for oxygen activation,
low thermal expansion coefficient (9.6 × 10−6 K−1) that is very

imilar to that of state-of-the-art electrolyte materials has been
onfirmed.

This work has studied the influence on the electrochemical
roperties of TbBaCo3ZnO7+ı cathodes of: (1) sintering temperature
ith respect to the influence of other elements in the Tb position

e.g. Y or Er); (2) operation time; and (3) CO2 presence in the cath-
de gas environment. For the last aspect, electrode polarization
esistance of symmetrical cells has been recorded in CO2-free and
O2-containing air, including cycling between both atmospheres at
50 ◦C. Moreover, the possible reactivity of TbBaCo3ZnO7+ı with (1)
YSZ and GDC (solid state reaction) and (2) CO2 (carbonation reac-
ion) in air at high temperatures during temperature-programmed
xperiments (TPA-MS) has been studied.

. Experimental

Pellets made of pressed stoichiometric amounts of BaCO3,
o(CH3COO)2, ZnO, and the corresponding anhydrous oxide (Tb,
r or Y) were calcined at 1200 ◦C for 12 h to obtain the cathode
aterials through solid state reaction. The starting precursor pow-

ers were previously mixed by ball-milling for 15 h in acetone.
ingle phase compounds were obtained for all sample composi-
ions as confirmed by X-ray powder diffraction patterns obtained
n a PANalytical X’Pert PRO diffractometer, using Cu K�1,2 radia-
ion and an X’Celerator detector in a Bragg-Brentano geometry. The
s-calcined cathode powders were milled with 3YSZ balls (Tosoh)
n acetone after the particle size was homogenized by grinding
n a mortar. Three roll mill (Exakt) was used to mix the milled

owders with a terpineol–ethyl cellulose (6 wt.%) mixture. Refined
creen-printable inks were applied on both sides of dense ∼1 mm-
hick 20 mol%-gadolinium doped ceria (GDC) disks and these were
nally calcined in air at 900 ◦C for 2 h. The final electrode thick-
ess is 30 �m. Symmetrical cells were tested by electrochemical
Sources 196 (2011) 4270–4276 4271

AC impedance spectroscopy (EIS) using a 0 V DC – 50 mV AC signal
in a 0.01–3 × 105 Hz frequency range in a Solartron 1470E+1455A
FRA. EIS data was collected using a two-point configuration. Mea-
surements were performed in the range from 500 to 850 ◦C. CO2
was added to study the electrochemical stability of the electrodes
against carbonation. After electrochemical analysis, fracture cross-
sections of cells were analyzed by SEM using a JEOL JSM6300
microscope. Additionally, a mass spectrometer Omnistar (Balzers)
was used for monitoring the evolution of the CO2 signal of pow-
dered samples following a heating ramp of 10 K min−1 up to 950 ◦C.
Reference Ba0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF) powder was provided by
IKTS Fraunhofer (Germany).

3. Results and discussion

3.1. Electrochemical results

3.1.1. Influence of sintering temperature
Fig. 1 (squares) presents the polarization resistance recorded

for TbBaCo3ZnO7+ı cathodes sintered at 900 and 1000 ◦C in an
Arrhenius arrangement. The increase in sintering temperature has
a detrimental effect on the cathode performance and a fivefold
rise in polarization resistance for the whole temperature range
(500–850 ◦C) was observed. For both Tb-based electrodes, a change
in the activation energy around 750 ◦C was observed and this is
related to a change in the oxygen stoichiometry, as suggested by
thermogravimetric measurements [16]. Specifically, at tempera-
tures above 750 ◦C the material incorporates oxygen gradually and
at temperatures close to 900 ◦C a steep oxygen release is observed
and this may be related to a phase transition. Despite the sig-
nificant resistance increase due to the higher cathode sintering
temperature, a relevant change in the activation energy of the
Tb-based electrodes at high temperatures was not observed, (i.e.,
activation energy is slightly higher for the electrode sintered at
1000 ◦C, while at low temperatures the activation energy is nearly
the same (1.1 eV) irrespective of the cathode sintering tempera-
ture). Therefore, it seems that the electrochemical activity of both
Tb-containing electrodes is limited by similar processes in the
500–750 ◦C range. This is also supported by the impedance spec-
troscopy measurements, which do not show relevant changes in
950 900 850 800 750 700 650 600 550 500

T (ºC)

Fig. 1. Arrhenius plot of the polarization resistance for Tb-based electrode sintered
at 900 and 1000 ◦C, and the electrodes based on Y and Er sintered at 900 ◦C.
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ig. 2. Nyquist plots for TbBaCo3ZnO7+ı sintered at 900 ◦C (circles) and 1000 ◦C (squ
s solid symbols.

rocesses through the electrode and electrode–electrolyte inter-
aces. However, at intermediate temperatures, e.g. 550 ◦C (Fig. 2b),
he limiting processes are related to low frequencies (relaxation
imes around 10 Hz), which are typically ascribed [18] to cou-
led surface reaction and electrode oxygen-ion diffusion in mixed

onic–electronic conductors. For both temperature ranges, the rate
imiting processes are slightly shifted to higher frequencies when
he sintering temperature increases, i.e., raising the polarization
esistance. Nevertheless, the indications obtained through the anal-
sis of frequency ranges should be confirmed by deeper impedance
nalysis with model electrodes and (oxygen-ion) transport studies.
hese analyses have not yet been made for this novel type of cath-

de material. In Fig. 1, the polarization resistance corresponding to
wo electrodes based on Er and Y sintered at 900 ◦C is plotted. It is
emarkable that the effect of the change in sintering temperature is
uch more important than the change of the lattice composition.

ig. 3. SEM micrographs of the fracture cross-section of Tb-based electrode sintered at
lectrochemical testing.
Operation temperature is 850 ◦C (a) and 550 ◦C (b). Frequency decades are indicated

Er- and Y-based electrodes show similar activation energy levels
at high temperatures to the Tb-based samples sintered at 1000 ◦C.
However, at low temperatures the activation energy level is some-
what lower (∼0.8 eV) with respect to both Tb-based electrodes
(∼1.1 eV).

Fig. 3 presents SEM images of the fractured cross-section of the
four electrodes studied in Fig. 1. All three electrodes sintered at
900 ◦C show a similar microstructure comprising two particle size
distributions, i.e., comprising large (1–3 �m) and small particles
(below 0.5 �m). The small particles dispersed on the large parti-
cles make a higher surface area available for oxygen reduction. The
small particles are not visible for the electrode treated at 1000 ◦C

and this is ascribed to the high sintering activity of this kind of
material – especially for nanosized particles. The reduction of sur-
face area may partly explain the inferior electrochemical behavior
of this electrode. Moreover, the occurrence of cathode–electrolyte

900 ◦C and 1000 ◦C, and the electrodes based on Y and Er sintered at 900 ◦C after
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pseudo-impedance is indicative of the oxygen diffusion through the
bulk material.1 The competitive adsorption [26] between O2 and
CO2 means that in CO2-containing air the rate constant values are
lower than in the air as depicted in Fig. 6a. This difference becomes
ig. 4. Time stability of TbBaCo3ZnO7+ı electrode sintered at 900 ◦C. (a) Nyquist plot
or measurements at 0, 30, and 60 h at 800 ◦C (frequency decades are indicated as
olid symbols); and (b) time evolution of the polarization resistance at 800 ◦C.

nterfacial limitations related to possible reaction or interdiffu-
ion processes during sintering at higher temperatures cannot be
xcluded. The detection of new interfacial phases could not be
scertained by XRD analysis (see Section 3.2.1).

.1.2. Influence of operation time
The time degradation of the electrochemical activity of the elec-

rode TbBaCo3ZnO7+ı sintered at 900 ◦C is evaluated in this section.
lectrochemical impedance spectra have been recorded at 800 ◦C
nder constant air flow for more than 60 h. Fig. 4a shows the initial,

ntermediate, and final recorded impedance spectra. After 60 h the
otal impedance increased only 65 m� cm2 and this corresponds
o a degradation rate of 1 m� cm2 h−1. The degradation rate is low
or such a Co-rich compound at 800 ◦C, especially when consider-
ng the poor stability at high temperatures of the parent compound
BaCo4O7+ı. The zinc partial substitution of cobalt and the use of
erbium increase stability at high temperatures. The correspond-
ng polarization resistance values are plotted versus time in Fig. 4b.
olarization resistance increases with time, although the degrada-
ion rate is low (see the x-axis scaling). However, the degradation
rocess apparently does not affect the limiting processes as shown
hen comparing the frequency evolution (notice the decades) of

he Nyquist plot in Fig. 4a.

.1.3. CO2 effect on electrochemical behavior
The high oxygen storage capability of TbBaCo3ZnO7+ı and other

lement-substituted (Er or Y) materials makes these compounds
uitable for both SOFC cathode and oxygen separation membrane
pplications. The cell volume expansion analysis [16] confirms the
tability of the swedenborgite structure at high temperatures in
n oxygen partial pressure (pO2) range from 1 to 10−5 atm. More-
ver, no chemical expansion has been detected in the crystalline
tructure in the studied pO2 range – while an anisotropic ther-
al behavior related to the layered nature of this structure was

bserved. However, a critical issue for Ba-rich compounds, such as
SCF [19–21], is the detrimental effect that CO2-containing atmo-
pheres have on the (electrochemical) surface oxygen activation
nd crystal stability – leading to decomposition through carbona-

ion processes. CO2 stability is an important aspect for application
s single chamber SOFC cathode and also for application as a SOFC
athode in a classical configuration, since air contains ca. 380 ppm
f CO2 and the sensitivity of BSCF, even at 300 ppm [22], has been
escribed. The effect on the electrochemical behavior was stud-
Fig. 5. Arrhenius plot of the polarization resistance for Tb-based electrode sintered
at 900 ◦C under air and air with CO2 (5 vol.%).

ied on a TbBaCo3ZnO7+ı symmetrical cell by recording impedance
spectra from 850 to 500 ◦C under air with CO2. Specifically, after
treatment under synthetic air, the temperature was again raised to
850 ◦C and then the gas flow was changed to a 5% CO2-containing air
flow (20% O2, N2 balance). The polarization resistance under both
atmospheres is presented in Fig. 5 (Arrhenius plot). The negative
effect of CO2 on the electrode operation is important at low tem-
peratures; while at high temperatures (750–850 ◦C) there is only
a minor effect. Since the rate limiting step at low temperatures
(500–600 ◦C) has been previously associated to low frequency pro-
cesses, i.e., surface related processes, it may be concluded that the
presence of CO2 principally affects the surface processes. Specifi-
cally, a strong adsorption of CO2 on the barium cations accessible
on the material surface [23] is expected, and therefore the surface
oxygen coverage is diminished and this results in a net decrease of
the oxygen reduction rate. Moreover, it is reasonable to assume
that the CO2 may not much influence the oxygen-ion diffusion
through the electrode bulk. Additionally, the specific rate limit-
ing mechanism is somehow slightly altered as concluded from the
small increase in the apparent activation energy under the CO2-
containing gas at low temperatures. Furthermore, two different
activation energy ranges are still present for both measurements
in synthetic air and CO2-containing air – although the transition
temperature has changed under CO2-containing air. In the high
temperature regime, the activation energy is kept almost constant.
The resistance due to adsorption hindrance introduced by CO2 is
significant at temperatures below the transition temperature.

Nyquist plots of the collected impedance data (e.g. Fig. 2b) show
a particular shape corresponding to a Gerischer process [24,25].
Proper fitting of this data enables a better understanding of the
CO2 effect on electrode processes. From the Gerischer model two
parameters can be extracted and compared. In Fig. 6 the rate con-
stant (kG) and the Gerischer pseudo-impedance (Z0) are plotted
in an Arrhenius arrangement. The rate constant can be related to
the surface exchange coefficient for oxygen reduction reaction. The
1 kG = 1
tchem

= � ·A·k·ci
(1−ε)·cv

∝ k.

Z0 = Rchem ·
√

kG = RT
2·ci ·F2

√
� ·�·ci

(1−ε)·cv ·Di
∝ D−0.5

i
→ Z−2

0 ∝ Di .
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ig. 6. Arrhenius plot of the Gerischer parameters (exchange rate kG and pseudo-i
vol.% CO2 (circles).

reater as the temperature is lowered since the surface processes
re becoming more dominant. The pseudo-impedance variation is
nimportant and only a slight increase is observed at temperatures
elow 600 ◦C. This fact could be related to a limitation in the surface
xygen-ion diffusion towards the electrolyte caused by CO2 adsorp-
ion and possible changes in the oxygen lattice content due to the
nvironmental change. The apparent activation energy for pseudo-
mpedance both in air and CO2-air changes abruptly around 650 ◦C.
he rise in temperature and CO2 surface coverage leads to struc-
ural and local oxygen stoichiometry changes, which may have an
nfluence on oxygen-ion diffusion.

To determine the reversibility of the CO2 effect on electrochem-
cal activity, a series of cycles between air and CO2-containing air

ere made using the symmetrical cell configuration. The selected
emperature was 750 ◦C in order to enable the possible formation
f carbonates. Impedance spectra have been recorded at differ-
nt times during gas environment cycling. This cycling process is
hown in Fig. 7, where the polarization resistance values are plotted

s a function of time. As previously stated, the addition of CO2 to the
ir flow increases the electrode polarization resistance while the
ime evolution indicates a progressive degradation, i.e., a resistance
ncrease. However, when fresh air is fed again, the electrochemi-
al response is very fast and the original electrochemical activity
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ig. 7. Effect of CO2 and CO2/air cyclability on the polarization resistance for Tb-
ased electrode sintered at 900 ◦C under air and air with 5 vol.% CO2.
ance Z0) for Tb-based electrode sintered at 900 ◦C under air (squares) and air with

is totally recovered. A new CO2 cycle shows that the activity loss
is even higher, albeit that the initial polarization resistance is fully
recovered after shifting again to fresh air. The cycling shows (1) the
reversible effect of CO2; and (2) that the CO2-related degradation
rate is low (note the small resistance scale in Fig. 7). The progressive
detrimental effect of CO2 cannot be related to the degradation of
the crystalline phase; but to the adsorption process and lattice oxy-
gen stoichiometric changes. In fact, this electrode material shows a
rather complex oxygen incorporation/loss which is very sensitive
to pO2 changes [16].

3.2. Chemical compatibility and reactivity

3.2.1. Reactivity with electrolyte materials
Commercially available electrolyte materials were mixed with

Tb-based material. 8YSZ from Aldrich and GDC from Treibacher
were first analyzed by XRD at room temperature and compared
with the XRD pattern of the Tb-based material. A mixture (50 wt.%)
of this Tb-material with the aforementioned electrolytes was pre-
pared by grinding it in a mortar. The mixed powders were checked
by XRD prior to calcination at 1150 ◦C for 10 h. Fig. 8 shows the
XRD analyses. The reactivity with 8YSZ is evident after thermal
treatment. Some unidentified diffraction peaks appear (* symbols
in Fig. 8a) after 10 h at 1150 ◦C in the XRD spectra of the calcined
8YSZ-Tb mixture – while other diffraction peaks (+ symbols) dis-
appeared after thermal treatment. GDC electrolyte material seems
to be a good candidate for the TbBaCo3ZnO7+ı cathode material.
No peaks other than the original two phases are observed after
the high temperature treatment for the mixed powders as shown
in Fig. 8b. Therefore, TbBaCo3ZnO7+ı seems to be compatible with
GDC electrolyte since there is apparently no solid state reaction (to
the limits of XRD analysis) after treatment under manufacturing-
like conditions. Moreover, the electrochemical testing carried out
on GDC electrolytes showed notable time stability and relatively
low polarization resistance, in which the resistance corresponding
to the interface GDC-TbBaCo3ZnO7+ı is included.

3.2.2. Stability against carbonation

This section presents a further investigation of CO2 stabil-

ity by means of temperature-programmed CO2 consumption
experiments. A fixed bed of the material was exposed to a
continuous gas flow of CO2 (5 vol.%) in air under a constant heat-
ing rate; and the outlet CO2 concentration was monitored by
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ass spectrometry (MS). Fig. 9 shows the evolution of the CO2
oncentration as a function of temperature for two different mate-
ials Ba0.5Sr0.5Co0.2Fe0.8O3−ı (BSCF) and TbBaCo3ZnO7+ı. BSCF has
een selected as a reference material since it contains important
mounts of barium and cobalt and this compound has shown a
ery high ionic conductivity and oxygen activation rate. BSCF shows
significant CO2 uptake in the temperature range between 350

nd 780 ◦C while CO2 is released at high temperatures. It is well
nown that BSCF decomposes in the observed temperature range
o form mixed Ba–Sr carbonates and other Fe–Co mixed and single
xides [23]. At temperatures above 800 ◦C carbonates decompose
lthough the original perovskite structure is not recovered. How-
ver, TbBaCo3ZnO7+ı shows very little CO2 uptake and releases

◦
mall amounts of CO2 at temperatures of around 830 C. CO2 uptake
nd release may be linked principally to surface adsorption, since
he swedenborgite structure is maintained for the whole temper-
ture range and the presence of carbonates could not be detected
y XRD analysis.
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ig. 9. Temperature programmed CO2-uptake/release experiment for BSCF and
bBaCo3ZnO7+ı .
e electrode TbBaCo3ZnO7+ı and electrolyte materials before and after treatment at
bsent after heat treatment).

4. Conclusions

Different aspects of the electrochemical activity and stability of
TbBaCo3ZnO7+ı have been studied in order to assess its applicabil-
ity as a SOFC cathode. The sintering temperature of the cathode
layer on the electrolyte is very critical and the change from 900 ◦C
to 1000 ◦C results in a significant increase in electrode polarization
resistance. The effect of the sintering temperature is more deci-
sive than the effect produced by the substitution of the lanthanide,
as observed for three different tested substituting elements (Tb, Y,
and Er). 5%-CO2 containing air atmospheres lead to an increase of
about 10% in the polarization resistance for the whole studied tem-
perature range of 500–850 ◦C). This effect is reversible although
the CO2 exposure lasted for several hours. Specifically, the effect
of CO2 is related to surface processes, i.e., surface adsorption and
competition with oxygen and this is concluded on the basis of the
impedance measurement analysis (Gerischer element fitting). It
was observed that the surface exchange rate is notably influenced
by CO2 at temperatures below 700 ◦C while the parameter related
to the diffusion coefficient is slightly affected at low temperatures.
The electrode showed a low degradation rate of 1 m� cm2 h−1 after
testing for 60 h. With respect to chemical compatibility with elec-
trolyte materials, the solid state reaction with 8YSZ at 1150 ◦C for
10 h was observed – while no reaction with GDC was observed to
the limits of XRD analysis. Moreover, TbBaCo3ZnO7+ı exhibits a high
CO2 tolerance (as shown by temperature programmed treatment
under a continuous gas flow of air with 5% CO2) in combination with
a relatively low expansion coefficient, despite the high barium and
cobalt content of this material.
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