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el for a dense composite material composed of an ionic conductor and an
electronic conductor is investigated by considering effective areas. It was found that the effective areas of the
oxygen reduction reaction at the material surface and the oxygen ion conduction through the material bulk
are important factors for determining the ionic conductivity of the composites, although the oxygen
reduction reaction per se is not a factor. The area-specific resistances (ASR) of single-layered and double-
layered cathodes composed of La0.8Sr0.2MnO3 (LSM-82) and Zr0.85Y0.15O2 (YSZ) were measured and compared
with the values predicted by the model. The degree of agreement between the measured and predicted ASR
values validates the model for ionic conductivity in dense composite materials. Their impedance spectra
were analyzed to support the results.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

La1−xSrxMnO3 (LSM) oxide is generally used as the cathode of solid
oxide fuel cells (SOFCs). LSM cathodes have low levels of chemical
reactivity and good thermal expansion compatibility with yttria-
stabilized zirconia (YSZ). However, they have low ionic conductivity,
which results in poor oxygen reduction reactions. Both the oxygen
diffusivity and oxygen surface exchange kinetics of LSM oxides are low
compared to those of cobalt-containing perovskite oxides [1–5].
Composite cathodes composed of LSM and YSZ have been investigated
extensively with the intention of enhancing the coefficients of the
oxygen diffusion and surface exchange [2,6–13]. LSM and YSZ are
assumed to be a pure electronic conductor and a pure ionic conductor,
respectively, at typical SOFC operational temperatures and pressure
ranges. For this reason, the ionic conductivity of composite cathodes is
typically estimated by taking into account the connectivity and ionic
conductivity of the ionic conductor [6]. However, an oxygen reduction
reactionmust occur whenmeasuring the ionic conductivity of a certain
material (Fig. 1), which implies that it is one of the most important
factors for oxygen mass transport in bulk material. If the oxygen
reduction reaction is not generated at the material, measuring the ionic
conductivity becomes impossible. Note that, however, the resistance of
the oxygen reduction reaction itself is not a factor that directly
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determines the ionic conductivity in general because the ionic
conductivity of material is measured usually by the 4-probe DC
technique or the AC impedance technique with good electrodes to
exclude the influence of oxygen reduction reaction. In other words, the
ionic conductivity only indicates the level of ion conduction in bulk and
it does not involve the oxygen reduction reaction at the surface.
However, if the electrode property becomes worse, the ionic con-
ductivity is gradually influenced by the effective area of the oxygen
reduction reaction at the material surface, not the resistance of it. Such
thinking must be increasingly correct in case of measuring the ionic
conductivity of a composite material composed of an ionic conductor
and an electronic conductor because the best pathway to reduce oxygen
to oxygen ion at the surface is the triple phase boundary (TPB) with
which the ionic conductor, the electronic conductor, and the oxygen gas
are in contact, not the electrode, such as Pt. Therefore, both the effective
areas participating in oxygen reduction reactions and oxygen ion
conduction should be considered to predict the level of ionic
conductivity of a composite material.

The primary objective of this paper is to formulate a simple model
of the ionic conductivity of a dense composite material composed of
an ionic conductor and an electronic conductor by reflecting on the
aforementioned effective areas. The model is verified by comparing
its calculated ionic conductivities with measured values from
previous studies and by analyzing the area-specific resistance (ASR)
properties and the impedance spectra of composite cathodes
composed of La0.8Sr0.2MnO3 (LSM-82) and Zr0.85Y0.15O2 (YSZ) on
YSZ electrolyte. Two types of cathode are used: a porous single-
layered cathode and a double-layered cathode composed of a porous
layer and a thin dense layer. The impedance of the LSCF double-
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Fig. 1. Schematic of a general direct current method for measuring the ionic
conductivity of a material.

Fig. 2. XRDpatterns of YSZ (■), LSM-82 (●) and LSM-82/YSZ thin dense layers onYSZ pellets.
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layered cathode was found to be approximately 1 order of magnitude
smaller than that of the single-layered cathode [14]. It follows that
the LSM-82/YSZ double-layered cathode was prepared initially with
the intention of decreasing the cathode impedance. From this point of
view, the feasibility or limitation of the use of the double-layered
cathode is investigated.

2. Experimental

LSM-82 was prepared using the glycine nitrate process (GNP) as
described previously [15,16]. The resultant powder was calcined at
1000 °C for 1 h so that single crystal phases could be obtained. The
composite cathode composed of LSM-82 and YSZ was prepared by
mixing LSM-82 and YSZ at aweight ratio of 1:1 with 200 wt.% ethanol,
ball-milling the slurry for 48 h, and finally drying it at 200 °C.

YSZ fine powder (Tosoh TZ-8Y) was used to prepare electrolyte
pellets. The powders were pressed uniaxially in a circular mold at
2 MPa. The resulting green pellets were sintered at 1500 °C for 4 h in
air, resulting in dense YSZ pellets that were approximately 26 mm in
diameter and 2 mm thick. The pellets were cleaned with hydrofluoric
acid for 1 min to remove any siliceous material, as SiO2 in raw YSZ
pellets can block the electrical conduction paths or reaction sites [14].

La(NO3)3·6H2O, Sr(NO3)2, Mn(NO3)2·4H2O, ZrO(NO3)2·xH2O and Y
(NO3)3·6H2Owere selected as the startingmaterials to create the sol of
LSM-82/YSZ. The amounts of the nitrate hydrates for a 1:1 ratio of
LSM-82 and YSZ in mole fractions were calculated and they were
mixedwith polyethylene glycol (PEG) of 2.5mol% and deionizedwater
of 1000 wt.% in a glass beaker. The mixed solution was stirred at 80 °C
for 5 h to form the desired sol. The YSZ pellets were coated on both
sides with the sol, and the organic matter of the coated sol was burned
out by heating at 380 °C for 1 h. Coating with sol was repeated once
more using the same procedure to produce the LSM-82/YSZ-layered
YSZ pellets. The formation of the desired crystal phases (LSM-82 and
YSZ) was checked by X-ray diffraction (XRD) analysis (Fig. 2). The
patterns of YSZ and LSM-82 were measured using a powder X-ray
diffractometer and the pattern of the LSM-82/YSZ thin dense layer was
verified using a thin-film X-ray diffractometer. It was assumed that the
phases of the LSM-82 and YSZ were formed independently and there
were no chemical reactions between them. Therefore, it was expected
that the TPB at the coated surface would increase due to the small size
of the particles in the sol–gel-derived LSM-82/YSZ cathode.

The cathode powders were screen-printed in circles with a
diameter of 10 mm on both sides of the YSZ or LSM-82/YSZ-layered
YSZ pellets. The cathode was sintered at 1200 °C for 1 h in air, yielding
a symmetrical half cell that was observed using a scanning electron
microscope (SEM) (Fig. 3). It can be seen that the double-layered
cathodewas composed of a porous LSM-82/YSZ layer and a thin dense
LSM-82/YSZ layer with a thickness of approximately 0.5 µm. The
particles in the thin dense layer were approximately 10 times smaller
than in the porous layer.

The impedances of the cathodes were measured in the open circuit
voltage (OCV) statewith a sweep voltage of 50mV from106Hz to 10−2Hz.
The experimental temperature ranged from 500 °C to 900 °C in air. The
ASR values of the cathode, in units of Ω cm2, were calculated by taking
into account the half cell symmetry (Eq. (1)):

ASR ¼ Rc

2
dAc ð1Þ

where Rc and Ac represent the resistance and area of the cathode,
respectively.

3. Model

Four assumptions were made for the model representing the ionic
conductivity of a dense composite material, as follows:

(1) An oxygen reduction reaction of dense composite material at
the grain boundary, which implies the boundary of ionic–
electronic conductors, ionic–ionic conductors, or electronic–
electronic conductors, ismuchmore active than that at the grain
surface, which implies the surface of an ionic conductor or an
electronic conductor (Fig. 4). There is evidence to support this
assumption. The oxygen surface exchange coefficient for LSM/
YSZ composites was found to be approximately 1 to 2 orders of
magnitude greater than that of LSM or YSZ single phase, even
though the oxygen diffusion coefficient for LSM/YSZ is lower
than that of YSZ [2]. Provided that the oxygen surface exchange
reaction at the grain surface is more active than that at the grain
boundary, the oxygen surface exchange coefficient for LSM/YSZ
should be equivalent to or lower than that of LSMor YSZ because
the total surface area is unchanged. This is the reverse of the
actual phenomenon, assuming that the assumption is feasible.

(2) The grains of the ionic conductor and electronic conductor are
hexagonal and are the same size at the material surface (Fig. 4).
This is because the composite material is fabricated usually by
sintering.

(3) The longitudinal resistivity of the ionic conduction is much
greater than the lateral resistivity. The longitudinal direction is
perpendicular to the direction of the material surface.

(4) The ions in the ionic conductor and electronic conductor are
conducted individually through the same material and not
transferred from the ionic conductor to the electronic con-
ductor, and vice versa.

Let the volumetric fraction of the ionic conductor beα. Nowconsider
the ionic conduction in the network of the ionic conductor. Each
effective area caused by an oxygen reduction reaction at the material
surface and by oxygen ionic conduction at the material bulk should be
determined because the ionic conductivity is governed by these factors,



Fig. 3. SEM images of a LSM-82/YSZ double-layered half cell sintered at 1200 °C for 1 h. (a) Cross-section. (b) Surface of a thin dense layer.

Fig. 4. Model surface composed of an ionic conductor and an electronic conductor.
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as explained in the introduction of this paper. This section begins by
considering the effective area of the oxygen reduction reaction. It is
known that the TPB with which LSM, YSZ, and the oxygen gas are in
contact is the most favorable pathway for oxygen reduction reactions
[2,17]. The fraction of the TPB (pair of ionic–electronic conductors)
compared to all boundaries (pairs of ionic–electronic conductors, ionic–
ionic conductors, and electronic–electronic conductors) can be calcu-
lated from Fig. 4 by the probability theory, as follows:

Number of ionic�electronic conductor boundary
Number of all boundaries

¼ 2α 1−αð Þ ð2Þ

Therefore, the effective area for the oxygen reduction reaction in
terms of the ionic conductor (Aeff,ki ) must be defined as follows:

Ai
eff ;k ¼ 2α 1−αð ÞdAm α b αi

c

� �
ð3Þ

where Am and αc
i denote the measuring area of the electrical property

and the critical fraction in terms of the ionic conductor, respectively.
Aeff,k
i increases initially as α increases, but Aeff,k

i decreases conversely
as α increases past the turning point at α=0.5, according to Eq. (3).
However, if the fraction of the ionic conductor is greater than the
critical fraction (α N αc

i ), the effective area of the oxygen reduction
reaction will increase as the fraction of the ionic conductor increases
because the grain boundaries of the ionic–ionic conductors become
active. Hence, the effective area for the oxygen reduction reaction
should be recalculated by taking into account the fraction of the pairs
of ionic–ionic conductors if α N αc

i .

Number of ionic�ionic conductor boundary
Number of all boundaries

¼ α2 ð4Þ

Ai
eff ;k ¼ α2dAm α N αi

c

� �
ð5Þ

Here, Eqs. (3) and (5) are valid when αbαc
i and αNαc

i , respectively. It
remains to discuss αc

i . The critical fraction αc
i can be determined when

the exchanged oxygen flux at the pair of ionic–electronic conductors is
equal to the flux at the pair of ionic–ionic conductors, as follows:

ki–iA
i
eff ;k α N αi

c

� �
¼ ki–eA

i
eff ;k α b αi

c

� �
ð6Þ

where ki–i and ki–e represent the oxygen reduction reaction coefficients of
the pair of ionic–ionic conductors and of the pair of ionic–electronic
conductors, respectively. Eq. (6) canbe rearranged to obtainαc

i , as follows:

ki–e
ki–i

¼ αi2
c

2αi
c 1−αi

c

� � ð7Þ

ki–e is generally greater than ki–i because the circumstances for ionization
at the pair of the ionic–electronic conductors are superior to those at the
counterpart. The values of αc
i are 0.67, 0.95, and 0.99 when the values of

ki–e/ki–i are 1,10, and 100, respectively, according to Eq. (7). Now consider
the effective area caused by oxygen ionic conduction in the composite
material bulk. The effective area for ionic conduction in the ionic
conductor (Aeff,Di ) should be calculated with respect to the fraction and
connectivity. The longitudinal resistivitywas assumed to bemuch greater
than the lateral resistivity in this study. Hence, the probability of contact
between the former ionic conductor grain and the subsequent ionic
conductor grain can be estimated as α2 by simply multiplying the
fractions of the ionic conductors. This yields the effective area of the ionic
conduction in the ionic conductor, as follows:

Ai
eff ;D ¼ α2dAm ð8Þ

Therefore, the total effective area of the ionic conductor (Aeffi ) can be
calculated by multiplying the effective areas for the oxygen reduction
reaction (Eqs. (3) or (5)) and the ionic conduction (Eq. (8)).

Ai
eff ¼ 2α3 1−αð ÞdAm α b αi

c

� �
ð9Þ

Ai
eff ¼ α4dAm α N αi

c

� �
ð10Þ

This section now analyses the ionic conduction in the electronic
conductor. There is a clear similarity between the ionic conductivity of
the ionic conductor and that of the electronic conductor. The total
effective area of the electronic conductor (Aeff,e ) can be arranged by



Fig. 5. Model ionic conductivity of a composite electrode composed of an ionic
conductor and an electronic conductor as a function of the ionic conductor fraction and
oxygen surface exchange kinetics (The curves are described in decimal scale when σi

i is
4 orders of magnitude greater than σi

e).
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applying the aforementioned formulations evenly to the electronic
conductor.

Ae
eff ¼ 2α 1−αð Þ3dAm α N αe

c

� � ð11Þ

Ae
eff ¼ 1−αð Þ4dAm α b αe

c

� � ð12Þ

where αc
e denotes the critical fraction in terms of the electronic

conductor. αc
e can also be determined by comparing the oxygen fluxes

at the pairs of ionic–electronic conductors and electronic–electronic
conductors.

ki–e
ke–e

¼ 1−αe
c

� �2
2αe

c 1−αe
c

� � ð13Þ

where ke–e represents the oxygen reduction reaction coefficient for the
pair of electronic–electronic conductors. αc

e is estimated to be 0.33, 0.05,
and 0.01 when the values of ki–e/ke–e are 1, 10, and 100, respectively,
Fig. 6. Comparisons of the calculated and measured ionic conductivities of several
composites (□: Zr0.85Y0.15O2–La0.8Sr0.2MnO3 [2], ○: Zr0.85Y0.15O2–La0.65Sr0.3MnO3 [18], △:
La0.83Sr0.17Ga0.83Mg0.17O2.83–La0.8Sr0.2MnO3 [19], ▽: La0.9Sr0.1Ga0.8Mg0.2O3–La0.9Sr0.1MnO3

[20], ⋄: Ce0.8Y0.2O2–La0.7Sr0.3MnO3 [21]; the data showing the ionic conduction behavior
were selected from the electrical conductivity data in previous studies).
according to Eq. (13). The ionic conductivity for the composite material
can be calculated by considering the effective areas.

σc
i ¼

Ai
eff
Am

� σ i
i þ

Ae
eff
Am

� σe
i ð14Þ

In Eq. (14),σi
c,σi

i, andσi
e denote the ionic conductivities of the composite

material, the ionic conductor, and the electronic conductor, respectively.
Eq. (14) can be reduced for practical situations inwhich ki–eNNki–i, ki–eNN
ke–e, and σi

iNNσi
e, as follows:

σc
i ¼ 2α3 1−αð Þdσ i

i ð15Þ

Therefore, the ionic conductivity of the composite material can be
expressed in terms of the fraction of the ionic conductor and in terms of
the oxygen reduction reaction kinetics (Fig. 5). In order to validate the
model, the calculated andmeasured ionic conductivitieswere compared
(Fig. 6). Data for the comparison consisted of results of previous studies
concerning the electrical conductivities of various types of ionic
conductors and the composite materials that function as ionic
conductors for various compositions at various temperatures [2,18–21].
It was considered feasible that both the effective areas of the oxygen
reduction reaction at the composite material surface and the oxygen
ionic conduction in the material bulk are important factors for
determining the ionic conductivity.

4. Results and discussion

4.1. ASR properties

The ASR of the cathodes showed thermally activated behavior
(Fig. 7). The activation energies of the single-layered LSM-82/YSZ
composite cathode and double-layered LSM-82/YSZ composite cathode
on YSZ were 1.63 and 1.33 eV, respectively. The activation energy of the
double-layered cathode was lower than that of the single-layered
cathode by 0.3 eV. The ASR was decreased by introducing the double-
layered cathode at temperatures of 800 °C and below. The ASR of the
double-layered cathodewasmeasured as 0.52Ω cm2. This is lower than
the single-layered cathode at 1.35 Ω cm2 at a temperature of 700 °C.

4.2. Model validation by comparing ASR values

The particles in the thin dense layer were nearly 10 times smaller
compared to those in the porous layer, as seen in Fig. 3. Due to this
Fig. 7. Temperature dependence of ASR for single-layered and double-layered cathodes
of LSM-82/YSZ on YSZ electrolyte.



Fig. 10. Impedance models for (a) single-layered and (b) double-layered cathodes.

Fig. 8. Temperature dependence of the electrical conductivities of YSZ (microcrystalline
vs. nanocrystalline).
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property of the thin dense layer, the length of the TPB layer was
increased by approximately 100 times compared to that of the porous
layer. Moreover, if the porosity of the cathode is also considered, the
estimated TPB length is longer than that. As a result, the oxygen
reduction reaction kinetics was improved substantially. However, the
impedance of the double-layered cathode was 2–3 times smaller than
that of the single-layered cathode in only the low temperature region,
not 100 times smaller. This is because the oxygen ions should pass
through the thin dense layer by bulk diffusion due to the lack of gas
permeability. Therefore, the impedance depends strongly on oxygen ion
diffusion in the thin dense layer. If the cathodic and anodic activations
have symmetry, the ASRs of the single-layered cathode (ASRs) and
double-layered cathode (ASRd) at OCV can be expressed as follows:

ASRs ¼ RT
2Fi0;s

ð16Þ

ASRd ¼ RT
2Fi0;d

¼ RT
2Fi0;t

þ l
σ i

ð17Þ

where i0,s i0,d, and i0,t denote the exchange current densities of the
single-layered cathode, the double-layered cathode, and the thin
Fig. 9. Comparison of the measured and predicted ASRs with respect to temperature.
dense layer, respectively. In addition, l and σi denote the thickness and
ionic conductivity of the thin dense layer, respectively. R, T, and F have
their standard meaning. The ASRd can be rearranged using the
relationship of i0,s and i0,t. The ratio of i0,t/i0,s was estimated to be
approximately 100 in this study. σi can be calculated by the proposed
model. The ionic conductivity for YSZ estimated from the half cell test
result is in good agreement with that of the microcrystalline YSZ [22].
However, it is clear that the ionic conductivities for the microcrystal-
line and nanocrystalline YSZs are different due to the difference in the
transferring number between grain boundaries. In this case, the ionic
conductivity data for the nanocrystalline YSZ [22] (Fig. 8) were used
because the sol–gel-derived thin dense layer was in nanoscale
(~100 nm). The measured ASRs were compared with the predicted
values calculated by Eq. (17) (Fig. 9). It was observed that the
calculated datawere in agreement with the measured data in terms of
the ASR value, whereas a differencewas noted at activation energies of
approximately 0.3 eV. The activation energy of the calculated data
naturally may follow that of the oxygen ion diffusion in YSZ because
the rate-determining step is the oxygen ion diffusion in the thin dense
layer. Contrary to this expectation, it was found that the activation
energy of the oxygen diffusion in LSM-82/YSZ composites is
approximately 1.3–1.4 eV in previous study [2], which is higher than
that of pure YSZ. This fact may support the difference between the
predicted and measured activation energies of the cathode. The
prediction by the proposed model is fairly well established from the
comparison of ASRs.
Fig. 11. Impedance spectra for single-layered and double-layered cathodes at (a) 700 °C
and (b) 800 °C.
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4.3. Model validation by comparing impedance spectra

The impedance spectra of the single-layered cathode and double-
layered cathode were analyzed to support the rate-determining step
of the cathodes (Figs. 10 and 11). The impedance of a typical single-
layered LSM/YSZ composite cathode can be modeled as a series circuit
including parallel combinations composed of the resistance (R) and
the constant phase element (CPE) (Fig. 10(a)) [13,23,24]. The parallel
circuit, Rc,HFCPEc,HF, that appears as a semi-circle at the higher
frequency region is attributed to the charge transfer from electrode
to electrolyte, and the circuit of Rc,LFCPEc,LF at the lower frequency
region is attributed to the oxygen reduction reaction that consists of
gas diffusion, adsorption, dissociation, and surface/bulk diffusion
[15,23,25]. One of the oxygen reduction reaction processes can be
determined to be the rate-determining process by observing the
oxygen partial pressure dependence [15]. The impedance of the
double-layered cathode can be modeled using the Warburg element
(Fig. 10(b)) [25,26]. This is because the rate-determining step was
predicted, through ASR analysis, to be the oxygen ion diffusion in the
thin dense layer rather than an oxygen reduction reaction at the
porous layer or on the surface of the thin dense layer. The impedance
spectra obtained by the experiments were fitted to the modeled
spectra (Fig. 11). It follows from what has been explained that the
proposed model for the ionic conductivity of a composite material is
validated and sufficient for use in practical situations of SOFCs.

5. Conclusions

The ionic conductivity of a compositematerial composed of an ionic
conductor and an electronic conductor was modeled by considering
the effective areas derived by oxygen reduction reaction and oxygen
ion conduction. The ionic conductivity generally increases as the
fraction of the ionic conductor increases; however, the ionic con-
ductivity can decrease conversely as the fraction increases in
accordance with the critical fractions. In order to validate the model,
the data predicted by the model were compared with measured data
from previous studies. The differences between the predicted and
measured data were in the range of half an order of magnitude, which
is within acceptable boundaries. A comparison of the ASR and
impedance spectra between single-layered and double-layered cath-
odes composed of LSM-82 and YSZ was carried out to support the
model for ionic conductivity. Themeasured ASR values and impedance
spectra were in good agreement with the predicted values and the
modeled impedance spectra, respectively. This agreement confirms
that the proposed model is useful for the experimental ranges.
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