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ABSTRACT

Gd
2
O

3
-doped CeO

2
 (GDC) and La

0.6
Sr

0.4
Co

0.2
Fe

0.8
O

3
 (LSCF) composite cathode materials were prepared in order to be applied

to intermediate-temperature solid oxide fuel cells. The electrochemical polarization was evaluated using ac impedance spectros-

copy involving geometric restriction at the interface between an ionic electrolyte and a mixed-conducting cathode. In order to

optimize the cathode composites applicable to a GDC electrolyte, the cathode composites were evaluated in terms of polariza-

tion losses with regard to a given electrolyte, i.e., GDC electrolyte. The polarization increased significantly with decreasing tem-

perature and was critically dependent on the compositions of the composite cathodes. The optimized cathode composite was

found to consist of GDC 50 wt% and LSCF 50 wt%; the corresponding normalized polarization loss was calculated to be 0.64 at

650oC.
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1. Introduction

ue to increasingly high prices for fossil-based products

and subsequent environmental issues related to air

pollution and global warming, solid oxide fuel cells (SOFCs)

have been gaining wide-spread attention in research and

development due to their unique benefits, i.e., high energy

efficiency and minimized pollution strategy.1-4) The current

SOFCs are highly efficient electrochemical systems operat-

ing at high temperatures between 800 and 1000oC. The high

temperature operation can cause undesired technical issues

originating from the chemical instability and mechanical

vulnerability between dissimilar components of SOFCs,

such as electrolytes, cathodes, anodes, sealing materials,

and interconnects. Furthermore, the interconnects make

the high-temperature operation problematic due to techni-

cal difficulty of machining and the extremely high price of

materials. Therefore, a majority of SOFC-based studies

have placed their emphases on continuous improvement in

performance based on high-temperature SOFCs and on the

pioneering search for novel intermediate-temperature

SOFCs (ITSOFCs) operating at temperatures between 600

and 650oC. In particular, the ITSOFCs have been studied

using CeO
2
-based electrolytes and La(Sr)Ga(Mg)O

3
-based

electrolytes.5,6) Relatively, CeO
2
-based SOFCs have become

dominant in next-generation fuel cell systems despite their

inherent disadvantages, i.e., mixed conduction under reduc-

ing atmosphere. The ITSOFCs will have to overcome their

technical limitations relevant to the higher cell resistance

and lower electrochemical efficiency of electrodes.

Among numerous factors, the optimization of electrode

polarization determines the success of intermediate-tempera-

ture SOFCs; this polarization is encountered at the electro-

lyte/cathode or electrolyte/anode interface, and reflects the

combined effects of microstructural and electrochemical

aspects at both cathodes and anodes. Electrochemical polar-

ization is also interconnected with the corresponding micro-

structural properties, i.e., the volume fraction, size

distribution, and interconnectivity of the constituents, e.g., an

ionic electrolyte, an electronic conductor, and a porous compo-

nent. A majority of works have focused on the electrode per-

formance and have endeavored to optimize the electrode

performance in terms of microstructure and polarizations. In

spite of these extensive efforts, one specific electrode cannot be

characterized thoroughly due partially to instrumental limita-

tions and/or due to experimental difficulties in artificially con-

trolling the electrode microstructure.7-9) Usually, the electrode

performance has been monitored through the use of three-

point ac impedance spectroscopy.10) The current work reports

on a systematic approach through two-point impedance spec-

troscopy along with geometrical constriction. The polarization

work was chosen as a model system, with cathode composites

in which the GDC (Gd
2
O

3
-doped CeO

2
) was mixed with LSCF

(La
0.6

Sr
0.4

Co
0.2

Fe
0.8

O
3
) for GDC-based SOFCs aiming at inter-

mediate-temperature SOFCs. The applicability of microcon-

tact impedance spectroscopy will be discussed in optimizing

the cathode composition and evaluating the polarization

losses with the aim of achieving optimized cathode composites

and, eventually, highly efficient ITSOFCs.
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2. Experimental Procedure

The initial GDC (Gd0.1Ce0.9O1.95; Rhodia E&C, Free-

port, TX, USA) and LSCF (La
0.6

Sr
0.4

Co
0.2

Fe
0.8

O
3
; Rhodia

E&C, Freeport, TX, USA) were ball-milled according to the

designed ratios from 30 wt% LSCF to 70 wt% LSCF, bal-

anced by the remaining counterpart of GDC materials. The

mixture of GDC/LSCF was pressed into disk-shaped speci-

mens and subjected to 800oC in order to provide the mini-

mal strength for cathode composites required in handling

composite cathodes in a measuring apparatus. The presin-

tered cathodes were placed into the measuring apparatus

involving the electrode configuration shown in Fig. 1. The

whole system was heated to 1100oC in order to mimic the

actual firing conditions employed in intermediate-tempera-

ture SOFCs. 

Gadolinia-doped ceria powder was pressed into cylindrical

shapes, followed by uniaxial and cold-isostatic pressing: the

initial diameter was 12 mm and the length was approxi-

mately 22 mm. The pressed specimens were sintered in a box

furnace at 1550oC and for two hours in air. The density of the

sintered GDC electrolyte was measured at 7.1094 g/cm3 (the

theoretical GDC density: 7.12 g/cm3). One side of the sin-

tered GDC bodies was mechanically machined into semi-

spherical shapes, as shown in Fig. 1, and the other was

maintained in the form of a horizontal plane. The horizontal

part was attached to the Pt wires using a Pt-paste (ESL

5542, Electroscience, PA, USA) and a Pt-mesh in order to

guarantee intimate contact between the ionic GDC conduc-

tor and the electronic Pt material. The joined component

was annealed at 800oC for one hour in an electric baffle fur-

nace. After Pt-electroding in the GDC electrolytes, the

spherical component was placed against the GDC/LSCF

cathode composites with a spring-loaded alumina rod. 

The electrochemical polarization was monitored using

impedance spectroscopy in which a frequency-response ana-

lyzer (SI 1260, Solartron, Hampshire, UK) was applied to

the GDC/LSCF cathode composites in the two-point elec-

trode configuration, as shown in Fig. 1. The impedance spec-

tra were acquired from 1 MHz and 0.1 Hz with an

oscillating amplitude of 25 mV. The temperature was con-

trolled between 500 and 700oC and the oxygen partial pres-

sure was fixed to that of an oxidizing atmosphere, i.e., 1

atm.

3. Results and Discussion

The impedance spectra were acquired as a function of

composition in cathode composites using a SI1260 fre-

quency response analyzer. The exemplary impedance spec-

tra are shown in Fig. 2 in terms of cathode composition (see

Figs. 2(a) and (b)) and temperature (see Figs. 2(c) and (d)).

Figs. 2(a) and (b) exhibit the variation of impedance spectra

as a function of composition. Noticeably, the high-frequency

intercepts are not close to the corresponding origin of the

Cole plots and the electrode polarizations change signifi-

cantly depending on composition. On the other hand, Figs.

2(c) and (d) trace the variation of impedance spectra as a

function of temperature. The high-frequency intercepts

increase with decreasing temperature, indicating that the

bulk conduction decreases exponentially with decreasing

temperature. Furthermore, the corresponding electrode

polarization increases significantly as a function of temper-

ature. 

The high frequency intercepts are located far away from

the origin of the complex plane. The high-frequency is

attributed to the bulk, or, more correctly, to the contribution

of an ionic conductor, GDC. As is shown in Fig. 1, the elec-

tric current is concentrated in the central contact part

between the GDC electrolyte and the cathode composite. It

should be noted that the apparent total impedance reflects

the total sum from the GDC electrolyte and the ohmic resis-

tance from the lead wires and electrodes, i.e., the cathodes

and anodes. The bulk contribution from the GDC is attrib-

uted to the planar part of the electrolyte and to the spread-

ing resistance originating from the constricted interface

formed between the GDC electrolyte and the GDC/LSCF

cathode composite. The former bulk contribution is much

larger than the remaining ohmic contribution originating

from the cathodic electrodes and lead wires. An identical

concept can be applied to the electrode contribution; a

majority of the electrode contribution is attributed to the

contact geometrically constricted at the electrolyte/cathode

interfaces. Consequently, the apparent ionic (or, equiva-

lently, bulk) and electrodic contributions are dominantly

attributed to the electrode configuration incorporating the

geometrically-limited contact.

Based on the impedance spectra shown in Fig. 2 and the

Fig. 1. Schematic diagram of a two-point electrode configura-
tion involving geometric constriction between an elec-
trolyte and an electrode applied to ac impedance
spectroscopy.
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analytical interpretation of the impedance spectra, an

equivalent circuit model can be proposed, as shown in Fig. 3.

The former R0 is assigned to the contribution of the electro-

lyte originating from the electrolyte/cathode interface.

Empirically, R0 corresponds to the above intercepts in the

horizontal real axes (see Fig. 2), which are found in high-fre-

quency regimes; this is interpreted to be due to the spread-

ing resistance in an ionic electrolyte, which is inversely

proportional to the contact radius.11) Subsequently, two RC

components, i.e., (R1C1) and (R2C2) are connected in serial

with the bulk contribution of R0. The two RC components

are ascribed to the electrode polarizations at the electrolyte/

electrode interface and are related to the imbalance of

charge transfer reactions involving electronic species, ionic

species, and the gas phase. Especially, the current work lim-

its the electrode contact geometrically and the resultant

electrode polarization is attributed to the geometrically-lim-

ited contact region located at the bottom portion of Fig. 1.

The proposed equivalent circuit is applied in order to cal-

culate the electrode polarizations in the GDC/LSCF compos-

ite cathodes. The resultant parameters are shown in

parentheses; the denominator corresponds to the bulk con-

tribution, R0, and the numerator indicates the total sum of

Fig. 2. Typical impedance spectra: (a), (b) composition dependence at 600oC and (c), (d) temperature dependence in GDC(50 wt%)
and LSCF(50 wt%) composites. (b) and (d) are enlargements of Figs. 2(a) and 2(c) near the origin of the Cole plot. (Fre-
quency range: 1 MHz to 0.1 Hz: the real impedance increases with decreasing measurement frequency.)

Fig. 3. An equivalent circuit model for analyzing the cathode
electrode polarization.
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electrode polarization components, i.e., R1 and R2 shown in

Fig. 3, denoted by Rt. The ratio of Rt/R0 indicates the nor-

malized electrode polarization with regard to the specific

electrolytes with theoretical emphases on the spatially-lim-

ited contacts between the electrolyte and the composite

cathodes. The normalized electrode polarizations are shown

in terms of temperature and composition, respectively, in

Figs. 4 and 5. In Fig. 4, there is a minimum level of cathode

at a given temperature, and the minimum polarization is

found at the cathode composition of 50 wt% GDC and

50 wt% LSCF. Fig. 5 shows the variation of electrode polar-

ization as a function of temperature. The polarization

decreases significantly with decreasing temperature. Proba-

bly, 600 and 650oC should be selected as the candidate tem-

peratures applicable to ITSOFCs.

In addition, the current equivalent circuit analysis pro-

vides the bulk contributions originating from the GDC at

the respective impedance spectrum. The calculated bulk

Fig. 4. Temperature-dependence of cathode polarization cal-
culated in GDC/LSCF cathode composites.

Fig. 5. Composition-dependence of cathode polarization calcu-
lated in GDC/LSCF cathode composites.

Fig. 6. Temperature-dependence of ionic contribution obtained
using LSCF-based cathodes.

Table 1. Analyzed Electrode Polarizations Normalized with Regard to the Corresponding Ionic Resistance of GDC Electrolytes

Composition
Rt/R0

(700oC)
Rt/R0

(650oC)
Rt/R0

(600oC)
Rt/R0

(550oC)
Rt/R0

(500oC)

GDC(70)/LSCF(30)
4.15

(891.72/215)*
7.38

(2434.7/329.9)
12.14

(6700/551.8)
24.30

(24095.5/991.5)
49.57

(97721/1971)

GDC(60)/LSCF(40)
0.35

(61.11/174.4)
1.23

(334.4/271.4)
4.63

(2105.8/454.5
12.70

(10418/819.9)
55.42

(92277/1665)

GDC(50)/LSCF(50)
0.20

(42,61/216.7)
0.64

(234.7/367.2_
3.28

(1930.4/588.1)
7.17

(7832.2/1092)
27.6

(58926/2135)

GDC(40)/LSCF(60)
0.45

(70.53/155.3)
1.14

(264.74/232.4)
4.77

(1849.8/387.9)
13.20

(9793.9/742.2)
49.30

(71479/1450)

GDC(30)/LSCF(70)
4.30

(629.3/146.1)
10.36

(2180.4/210.4)
18.26

(6109.3/334.5)
42.74

(23527/550.5)
70.08

(73729/1052)

LSCF(100)
4.94

(761/153.9)
10.94

(2501.4/228.7)
21.57

(7788.1/361)
49.96

(30158/603.7)
98.07

(112104/1143)

*(The denominator corresponds to R0 and the numerator to Rt.)
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parameters, i.e. R0, are summarized in Table 1, i.e., the

denominators in parentheses. The activation energy in ionic

conduction should be determined through the incorporation

of a temperature factor; the corresponding information is

shown in Fig. 6. The activation energies range from 0.71 to

0.81 eV, in agreement with the activation energy reported

previously, i.e., 0.70 eV.12) The details of the activation

energy are summarized in Table 2. Furthermore, the corre-

sponding microstructures are shown in the backscattered

electron images (See Fig. 7). Since the GDC grains cause

high efficiency in extracting the backscattered electrons,

GDC grains are of brighter color than those of LSCF grains,

as shown in Fig. 7. The mixing state of the GDC and LSCF

components is estimated to be uniform throughout the

whole composition range. Such microstructural homogeneity

allows the validity of the proposed electrochemical polariza-

tion approach based on microcontact impedance spectroscopy. 

In summary, the current work employed geometric

restriction in flowing electric currents. The limited contact

amplifies the ionic contribution and the corresponding

polarizations at the electrolyte/electrode interface. The

resultant impedance spectra were analyzed in terms of the

bulk and electrode contributions, i.e., R0(R1C1)(R2C2). The

analytical approach allowed experimental optimization of

the cathode composition and quantification of the electrode

polarization normalized with regard to a given electrolyte.

More exemplary applications will be reported in forthcom-

ing publications.

4. Conclusions

The Gd
2
O

3
-doped CeO

2
 (GDC) and La

0.6
Sr

0.4
Co

0.2
Fe

0.8
O

3

(LSCF) cathode composite materials were evaluated in

order to optimize an appropriate cathode composition appli-

cable to intermediate solid oxide fuel cells based on GDC

electrolytes. The electrochemical polarization was quanti-

fied using ac 2-point electrode impedance spectroscopy in

combination with spatial limitation between electrolyte and

cathode. The peculiar electrode configuration allows a uni-

versal parameter for normalizing the corresponding elec-

trode polarization with regard to the conduction due to ionic

electrolytes. The electrochemical polarization increased sig-

nificantly with decreasing temperature. The optimized cath-

ode composition was found to be a mixture of 50 wt% GDC

balanced by 50 wt% LSCF. The minimal polarization loss is

calculated to be 0.64 at an intermediate temperature 650oC.

Furthermore, the activation energy of the ionic contribution

is calculated to be 0.71 to 0.81 eV, in agreement with the

bulk contribution of GDC electrolytes.
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