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a b s t r a c t

The composite cathode system is examined for suitability on a Ce0.9Gd0.1O2−ı electrolyte based solid oxide
fuel cell at intermediate temperatures (500–700 ◦C). The cathode is characterized for electronic conduc-
tivity and area specific charge transfer resistance. This cathode system is chosen for its excellent thermal
expansion match to the electrolyte, its relatively high conductivity (115 S cm−1 at 700 ◦C), and its low acti-
vation energy for oxygen reduction (99 kJ mol−1). It is found that the decrease of sintering temperature
eywords:
olid oxide fuel cell
athode
harge transfer

of the composite cathode system produces a significant decrease in charge transfer resistances to as low
as 0.25 � cm2. The conductivity of the cathode systems is between 40 and 88 S cm−1 for open porosities
of 30–40%.

© 2009 Elsevier B.V. All rights reserved.
riple phase boundary
igh surface area
onductivity

. Introduction

Traditional solid oxide fuel cells (SOFCs) are expected to oper-
te at relatively high temperatures (800–1000 ◦C) where their
fficiency is the highest. However, these temperatures can lead
o the development of large thermal stresses which compromise
he life expectancy of the materials used to fabricate the cells.
ntermediate temperature SOFCs (IT-SOFCs) have been developed
o operate at significantly lower temperatures (500–700 ◦C) in
rder to reduce thermal stresses. However, the electrochemical
echanisms that dictate the power output of these cells are

hermally activated processes, leading to a drastic decrease in
erformance as temperature is decreased. In order to mitigate
hese losses, new material systems must be developed that have
mproved electrical and thermal properties.

It has been well documented that, for these intermediate tem-
eratures, the charge transfer that occurs at the cathode–electrolyte

nterface restricts the performance of the cell and the oxygen must
e catalytically reduced by the cathode through the following
eaction:
1
2

O2 + 2e− + V
••
O → OX

O (1)

Due to the nature of the reactants, this reaction can only take
lace at the triple phase boundary layer (TPB) if the cathode is a

∗ Corresponding author. Tel.: +1 613 533 2854; fax: +1 613 533 6610.
E-mail address: kilius@me.queensu.ca (L.B. Kilius).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.06.026
pure electronic conductor. Considering that there is only a limited
TPB and thus limited number of available sites for the reaction
to occur, the resistance to charge transfer is often high enough
to limit the performance of the cathode [1–3]. In an attempt to
reduce the interfacial losses and to increase the number of sites
where oxygen reduction can occur, a number of SOFC systems
which focus on mixed electronic/ionic conducting cathodes have
been investigated [4–6].

Two different methods are commonly investigated to lower
the interfacial losses. One of them involves the utilization of a
cathode–electrolyte composite material instead of a monolithic
cathode material. When electrolyte is added in sufficient amounts,
ionic pathways are created connecting the bulk electrolyte with
new TPB layers which extend throughout the cathode. This effec-
tively lengthens the TPB and has been shown to reduce the
interfacial losses by up to a factor of four [4]. The second method
being researched involves utilizing cathode materials which dis-
play a relatively high level of ionic conduction in addition to high
electronic conduction. This allows for new ionic pathways through
the bulk of the cathode, extending the sites available for oxygen
reduction away from the TPB [5,6].

The most frequently investigated cathode material is
La1−xSrxMnO3−ı (LSM) [7,8], which has high electronic con-
ductivity and high catalytic activity for the reduction of oxygen at

elevated temperatures [9,10]. Also, LSM is an acceptable thermal
expansion match to the most common SOFC electrolyte material,
yttria-stabilized zirconia [11]. However, at reduced temperatures,
the catalytic activity of LSM decreases, and no longer provides ade-
quate oxygen reduction when coupled with the most commonly

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:kilius@me.queensu.ca
dx.doi.org/10.1016/j.jpowsour.2009.06.026
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Table 2
Porosity summary of composite and monolithic cathode samples.

Sintering temperature (◦C) Cathode open porosity (%)

Composite Monolithic

0950 58.3 59.6
1000 50.5 53.4

of the interface. These charges are separated by a finite amount
of space, creating a capacitive effect. The second phenomenon is
the resistance to charge transfer at the interface (RCT). In the case
of the cathode–electrolyte interface, this resistance value directly
L.B. Kilius, V. Krstic / Journal of

sed IT-SOFC electrolyte Ce0.9Gd0.1O2−ı (CGO). For these reasons,
more suitable candidate for a cathode material must be found.

Doped cobaltite perovskites have displayed great promise for
se as a cathode material for IT-SOFCs [10,12]. A1−xBxCoO3−ı

A = Dy, Gd, Sm, La, B = Sr, Ca) systems exhibit electronic conduc-
ivities comparable to that of LSM, and display greater catalytic
ctivity for the reduction of oxygen at intermediate temperatures
13,14]. These cobaltites also possess relatively high ionic conduc-
ivity (6 × 10−4 S cm−1 at 700 ◦C [15]) compared to LSM (10−7 to
0−8 S cm−1 at 700 ◦C [16]) which contributes to reduced interfacial
esistance between the electrolyte and cathode by spatially extend-
ng the area of oxygen reduction away from the TPB as described
arlier.

The Gd1−xSrxCoO3−ı (GSCO) system is a promising candidate
athode material. This system has high electronic conductivity
hen doped with Sr on the A-site and good chemical compati-

ility with Ce0.9Gd0.1O2−ı [17]. However, due to the large thermal
ismatch between GSCO and CGO, large stresses generated during

hermal cycling lead to cell damage and even fracture [13]. It has
een found by Dyck et al. [18] that the addition of CGO to GSCO

n sufficient amounts can provide acceptable matching of thermal
xpansion between the electrolyte and the cathode without seri-
usly compromising the electronic conductivity of the cathode.

This paper presents the conductivity and impedance analysis
esults of the composite cathode ceramics with the formula 75%
d0.8Sr0.2CoO3−ı/25% Ce0.9Gd0.1O2−ı (wt.%).

. Experimental/materials and methods

.1. Powder preparation

The powders used in this work were synthesized by the
lycine–nitrate process (GNP) [19]. In this process, nitrates were
ndividually dissolved into aqueous solutions, and mixed in proper
toichiometric amounts with glycine added as a fuel. The solution
as heated to ignition, producing a fluffy powder in the form of ash.

he ash was then calcined at various temperatures to remove any
rganic contamination and obtain fully crystallized powder. The
ompositions of the powders used in this study are listed in Table 1.

The electrolyte powders (CGO) calcined at 1050 ◦C were uni-
xially cold-pressed at a pressure of 160 MPa into 2 mm thick pellets
sing 5% polyethylene glycol (PEG) as a binder. The pellets were sin-
ered at 1350 ◦C for 5 h to produce electrolyte pellets with densities
f over 95%.

Two cathode systems were fabricated: monolithic
d0.8Sr0.2CoO3−ı and a composite consisting of Gd0.8Sr0.2CoO3−ı

nd 25 wt.% Ce0.9Gd0.1O2−ı (calcined at 650 ◦C). Cathode powders
ere mixed with methanol and 5% polyethylene glycol (PEG)

o form the paste that was then painted onto both flat sides of
he electrolyte pellets. The painted pellets were then sintered at
arying temperatures for 2 h to form symmetrical cells.
.2. Surface area and porosity measurement

Surface area measurements were performed on all cathode com-
ositions using BET nitrogen adsorption analysis. Post-sintered
athode samples were used in this analysis.

able 1
alcination temperature and particle size of the powders.

owder Calcination temperature (◦C)/time (h) Particle size (�m)

e0.9Gd0.1O2−ı 1050/2 0.444 ± .288
d0.8Sr0.2CoO3−ı 0900/4 1.221 ± .410
e0.9Gd0.1O2−ı

a 0650/2 0.582 ± .378

a Electrolyte powder used in the composite cathode.
1050 43.3 45.6
1100 30.7 32.4
1200 21.5 23.2

Porosity was calculated using three separate techniques. Closed
porosity was measured using the standard Archimede’s method
(buoyancy force balance). Open porosity was determined by cal-
culating the water retention mass of the sample (mass difference
between a dry and water saturated sample). This open porosity
technique was calibrated against an alumina standard of known
porosity, which provided 0.4% experimental error. The total poros-
ity was determined by the summation of open and closed porosity,
but was also verified by density determination of the samples using
standard geometrical and mass measurement equipment. Samples
were placed in an ultrasonic water bath for 10 min, and subse-
quently immersed in water for a period of at least 4 h prior to
testing to ensure adequate water saturation. Open porosity values
are important for this analysis, and these are given for all composi-
tions in Table 2.

2.3. AC impedance analysis

AC impedance analysis was performed using a Solartron 1260
Gain Phase Analyser, coupled with a Solartron 1296 Dielectric
Interface instrument. These tests were carried out at temperatures
between 300 ◦C and 700 ◦C with sample measurements taken at
every 100 ◦C. Measurements consisted of a complex plane response
through a frequency sweep between 0.01 Hz and 10 MHz with seven
samples recorded per decade of frequency. All AC impedance tests
were performed at zero DC voltage bias conditions.

To model the AC impedance response of the investigated system,
it is important to break down all contributing components into an
equivalent circuit model so that separate losses can be quantified.
The equivalent circuit model for the system being examined here
is given in Fig. 1, with all components explained in detail in this
section.

The complex frequency response of interfacial systems exhibits
distinct depressed semi-circular arcs. This behaviour is due to a
build-up of charge at the interface, creating two effects as proposed
by Bauerle [20]. The first effect is known as a capacitive double
layer (CDL) which is the result of a charge built up on one side
of the interface attracting a reverse charge on the opposing side
Fig. 1. AC impedance frequency response circuit model.
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uantifies the losses associated with the conversion of electronic
onductivity from the cathode to ionic conductivity within the elec-
rolyte. These effects can be simulated using an equivalent circuit
onsisting of a capacitor CDL and resistor RCT in parallel.

The capacitive double layer does not exhibit pure capacitive
ualities due to anisotropic variations at the cathode–electrolyte

nterface. Therefore, these interfacial irregularities cannot be mod-
lled by a simple capacitor (CDL). Instead a more accurate simulation
f response is obtained using an imperfect capacitor, also known as
constant phase element (CPECDL). This circuit element is equiva-

ent to that of a capacitor with its impedance raised to the exponent
n’ [22,23].

The ohmic resistive component of the bulk electrolyte and cath-
de materials (Rbulk) is modelled by a resistor in series with the
reviously described parallel circuit.

It has been found that, for symmetrical cells (cathode–electro-
yte–cathode), three of these semi-circular impedance arcs can
orm. The two high-frequency arcs, which are visible at low temper-
tures, are indicative of the charge transfer effects at the electrolyte
rain boundaries [20,21]. The two arcs tend to disappear at higher
emperatures leaving the third, low-frequency depressed arc as the
ole AC impedance response. This low-frequency arc is associated
ith the response at the cathode–electrolyte interface. The transi-

ion temperature at which this was observed was between 500 ◦C
nd 600 ◦C. From this it can be inferred that at higher tempera-
ures, the charge transfer effects which occur at electrolyte grain
oundaries are minimal and do not contribute significantly to the
esistance of the cell. For this reason, circuit response modelling in
his study only examines the low-frequency arc which is represen-
ative of the electrode–electrolyte interface.

.4. Conductivity testing

Conductivity tests were performed using four-point conduc-
ivity analysis. Composite cathode samples were prepared by
ni-axially cold pressing at a pressure of 20 MPa into rectangu-

ar bars. Sample bars were sintered at various temperatures for 2 h
o create different level of porosities. Samples were placed within

horizontal tube furnace and heated from 300 ◦C to 700 ◦C with
onductivity measurements taken in 50 ◦C intervals. Measurements
ere taken using a high accuracy digital multimeter.

. Results and discussion
.1. Impedance analysis of the electrolyte–cathode interface

The values of charge transfer resistance were determined
y modelling the electrolyte–cathode frequency response data

able 3
C impedance analysis summary.

aterial Sintering temperature (◦C) Cha

Ope

400

00% Gd0.8Sr0.2CoO 3−ı 950a

1000 17
1050 8
1100 68
1200 499

5% Gd0.8Sr0.2CoO 3−ı 25% Ce0.9Gd0.1O2−ı 950 6
1000 6
1050 19
1100
1200 938

a Poor adhesion of electrode to electrolyte.
b Data could not be fit to model.
r Sources 194 (2009) 690–696

to this circuit using standard modelling software. The deter-
mined values were adjusted for area and are summarized in
Table 3 with a representative set of impedance spectra given in
Fig. 2.

The presented data display a clear trend in that a reduc-
tion in sintering temperature reduces the resistance to charge
transfer between the cathode and the electrolyte. Previous AC
impedance studies on monolithic Gd0.8Sr0.2CoO3−ı cathodes on
Ce0.9Gd0.1O2−ı electrolytes [18,17] generated area specific charge
transfer resistance values as low as 0.2 � cm2 [17] arguing that
values below 8 � cm2 are difficult to achieve due to insufficient
adhesion between the electrolyte and the cathode at low sin-
tering temperatures. This adhesion problem was encountered in
monolithic cathode samples sintered below 1100 ◦C. However, in
composite cathode samples, adequate adhesion was obtained for
sintering the samples at temperatures <1000 ◦C. The increased
adhesion achieved in the present system is most likely a result of
the high sintering activity of the electrolyte within the composite,
increasing both inter-particle bond strength and adhesion to the
bulk electrolyte layer.

Fig. 3 displays the relationship between sintering tempera-
ture and charge transfer resistance. In this figure, it can be seen
that the monolithic cathode displays a lower charge transfer
resistance value than the composite cathode for sintering tem-
peratures of 1050 ◦C and above. This is in direct contrast to the
idea of adding electrolyte material to increase the number of
ionic pathways to the bulk electrolyte layer to reduce charge
transfer resistance. However, this effect has been shown in the
literature [4] to become significant at electrolyte concentrations
above 30 vol.% within the composite cathode, higher than the
27 vol.% present within the investigated composite cathode mate-
rial. Thus, insufficient addition of electrolyte within the composite
is concluded to be the reason for this trend. Previous studies
have examined this system with higher volume fractions of elec-
trolyte [18,25], and it was observed that for cathodes with above
25 wt.% electrolyte, the electronic conductivity of the cathode is
too low. The abundance of the (electronically) insulating elec-
trolyte phase decreases the conductivity so that it becomes the
major contributing factor to cathode losses. This is the reason that
higher concentrations of electrolyte were not examined in this
study.

At 1000 ◦C, the charge transfer resistance of the composite cath-
ode becomes less than that of the monolithic cathode. This is the

temperature at which adhesion of the monolithic cathode becomes
detrimental to performance as well as structural integrity. This
highlights the importance of the increased sintering activity of
the electrolyte material, allowing for a lower sintering temper-
ature of the composite cathode, allowing for a further increase

rge transfer resistance (� cm2) Activation energy (kJ mol−1)

rational temperatures (◦C)

500 600 700

– – – – –
4 17.1 2.04 0.24 118.0
4 9.8 1.97 0.26 102.2
0 45.6 7.84 1.76 107.5
2 608.1 91.90 13.01 100.1

6.0 4.9 1.57 0.10 111.4
5.1 7.4 1.02 0.12 112.3
3.0 26.3 4.17 0.74 100.3
b 132.3 39.95 4.34 108.1
2.0 725.2 82.53 13.86 118.2



L.B. Kilius, V. Krstic / Journal of Power Sources 194 (2009) 690–696 693

0.2CoO

i
c

3

t
s
d
t
Q
i
c

Fig. 2. Representative AC impedance spectra from the composite (75% Gd0.8Sr

n performance unattainable by the less sinterable monolithic
athode.

.2. Triple phase boundary analysis

It is believed that the reason for the drastic reduction in charge
ransfer resistance with sintering temperature is the increase in
urface area of the bulk cathodes as the sintering temperature is

ecreased. A lower sintering temperature amounts to a longer effec-
ive TPB layer at which the oxygen reduction reaction can occur.
ualitative SEM image analysis of the surface of the cathodes used

n AC impedance analysis tests is shown in Fig. 4 for the composite
athode and Fig. 5 for the monolithic cathode material. From these
3−ı) cathode sintered at 950 ◦C at various operating temperatures (top right).

images, it is clear that the surface area of the cathode does increase
as sintering temperature is decreased.

The TPB length was estimated indirectly by measured the
surface area of the cathode samples using BET analysis. Since tradi-
tional chemical etching methods of measuring TPB length for LSM
cathodes [3] are resisted by cobaltite cathodes, the effect of TPB on
charge transfer resistance must be estimated through an indirect
measurable quantity. While relationship between surface area and

TPB layer is not trivial due to difficulties in describing the exact
geometry of the microstructure, it is well accepted that these two
parameters are closely linked [24]. Fig. 6 compares the relationship
between charge transfer resistance data from Fig. 3 with cathode
surface area measurements.
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Fig. 3. The relationship between charge transfer resistance and sintering tem-
perature for both the monolithic (100% Gd0.8Sr0.2CoO3−ı) and composite (75%
Gd0.8Sr0.2CoO3−ı) cathodes examined in this study. Charge transfer resistance values
were obtained at a 700 ◦C operating temperature.

Fig. 4. SEM images of the surface of the composite cathode samples prepared for imp
r Sources 194 (2009) 690–696

Fig. 6 displays the trend of increasing surface area decreasing the
area specific resistance, indirectly indicating that the length of the
TPB plays a distinctly important role in charge transfer resistance
of the cathode.

3.3. Conductivity testing

Previous studies have determined the conductivity of 75%
Gd0Gd0.8Sr0.2CoO3−ı/25% Ce0.9Gd0.1O2−ı to be in the order of
100 S cm−1 at 700 ◦C, comparable to the standard benchmark
of high density LSM cathodes at this temperature [13]. How-
ever, these values were obtained in samples containing low
levels of porosity (<5%). As practical operation of SOFCs requires
cathode porosity between 30% and 50%, it is necessary to
determine the reduction in conductivity with the increase in
porosity.
The variation of porosity in the cathode ceramics was achieved
by varying the sintering temperature. The change of conductiv-
ity with sintering temperatures is shown in Fig. 7. Porosities
corresponding to various sintering temperatures, along with con-
ductivities are given in Table 3.

edance testing with sintering temperatures (◦C) indicated in the top left corner.
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Fig. 5. SEM images of the surface of the monolithic cathode samples prepared for impedance testing with sintering temperatures (◦C) indicated in the top left corner.

Fig. 6. Relationship between charge transfer resistance and surface area of the
cathode at an operational temperature of 700 ◦C for the 75% Gd0.8Sr0.2CoO3−ı/25%
Ce0.9Gd0.1O2−ı cathode.

Fig. 7. Conductivity of 75% Gd0.8Sr0.2CoO3−ı/25% Ce0.9Gd0.1O2−ı at various sintering
temperatures.

Table 4
Conductivity and porosity summary of composite cathode samples.

Sintering temperature (◦C) Open porosity (%) Conductivity (S cm−1)

700 ◦C 500 ◦C

0950 58.3 18.5 12.6

1000 50.5 34.7 25.7
1050 43.3 51.8 40.5
1100 30.7 88.4 71.3

Examination of the these results show that the conductivity val-
ues of the composite cathode at porosities of 30–50% vary between
34.7 and 88.4 S cm−1 at 700 ◦C (Table 4).

4. Conclusions

The present study shows that the newly synthesized com-
posite cathode system consisting of 75% Gd0.8Sr0.2CoO3−ı/25%
Ce0.9Gd0.1O2−ı has high electronic conductivity and high catalytic
activity for the reduction of oxygen. As previous studies have shown
that this system provides a good thermal expansion match to a
Ce0.9Gd0.1O2−ı electrolyte [18], this cathode meets all the require-
ments for use in an IT-SOFC operating at 700 ◦C, identifying it as a
promising candidate for use in a practical environment.

Samples sintered at 1000 ◦C possessed adequate adhesion
between the cathode and the electrolyte with promising charge
transfer resistance values of 0.12 � cm2 at 700 ◦C. The conductivity
of the composite cathode system at desired porosity levels (30–50%)
was found to be between 34.7 and 88.4 S cm−1 at 700 ◦C.
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