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ABSTRACT

A modified two-point impedance spectroscopy technique exploits the geometric constriction between an electrolyte and a cath-

ode with an emphasis on semispherical-shaped electrolytes. The spatial limitation in the electrolyte/electrode interface leads to

local amplification of the electrochemical reaction occurring in the corresponding electrolyte/electrode region. The modified imped-

ance spectroscopy was applied to electrical monitoring of a YSZ (Y
2
O

3
-stabilized ZrO

2
)/SSC (Sm

0.5
Sr

0.5
CoO

3
) system. The resolved

bulk and interfacial component was numerically analyzed in combination with an equivalent circuit model. The effectiveness of

the “spreading resistance” concept is validated by analysis of the electrode polarization in the cathode materials of solid oxide fuel

cells.
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1. Introduction

olid oxide fuel cells(SOFCs) are recognized as highly effi-

cient electrochemical conversion systems in which oxy-

gen and hydrogen are employed as the oxidant and the fuel,

respectively, to generate high-capacity electric power.1,2) SOFCs

have continued to garner extensive academic and industrial

interest due to their high system operation efficiency and

environmentally benign features including less pollution

than the use of fossil fuels. The performance of SOFCs is

significantly affected by the physiochemical and microstruc-

tural features of the constituent components, i.e., the elec-

trolyte, cathode, anode, sealing materials, and the inter-

connect. The electrochemical loss is largely related to both

the ohmic contribution originating from the above-men-

tioned cell components and the interfacial polarizations

between the electrolyte and electrode, i.e., the cathode or

the anode with regard to a given electrolyte.

In particular, cathode polarization has a critical impact on

control of the output characteristics of SOFCs, e.g., the open

circuit voltage and maximum power density. Enhancement

of the cathodic behavior has been achieved by sophisticated

design of the cathode materials and processing methods.

LSM (La1-xSrxMnO3) materials have been extensively inves-

tigated either as a single-phase component or as LSM-based

multiphase mixtures.3-6) However, the LSM cathode is

known to be a poor electronic conductor despite the chemi-

cal stability of the YSZ (Y2O3-stabilized ZrO2) electrolyte,

and consequently must be mixed with ionic conductors. Unlike

LSM-based materials, the newly reported SmxSr1-xCoO3 (SSC)

materials have been recognized as excellent cathode compo-

nents due to the high degree of conduction that can be

achieved by admixture with ionic conductors, with conse-

quent significant enhancement of the cathodic perfor-

mance.7,8) The optimized polarization losses at the electrode

should be integrated into highly conductive ionic conductors

in order to maximize the SOFC performance. Unfortu-

nately, no appropriate tool for evaluating the cathode polar-

ization relative to other candidate materials and for

optimizing the materials and/or processing has been devel-

oped thus far.

The acquisition of information on electrode polarization

requires the simultaneous measurement of both the electro-

lyte and electrode contributions. Unlike conventional three-

point impedance spectroscopy, the current work proposes a

modified approach using ac two-point electrode impedance

spectroscopy involving deliberately limited contact between

the electrode and electrolyte with the aim of quantifying the

normalized polarization with regard to a given electrolyte.

The current work reports the electrode polarization of a

mixed conduction material (SSC) in response to variation of

the reference electrolyte (YSZ). The implications of the mod-

ified impedance spectroscopy technique are discussed with

special emphasis on high-performance solid oxide fuel cells.

2. Experimental Procedures

Yttria-stabilized zirconia(YSZ, Tosoh, 8Y, Japan) was cho-

sen as a reference electrolyte in this work. After full-densifi-

cation at high temperature, the YSZ electrolyte was ma-

chined into a semispherical shape, as shown in Fig. 1, where

S
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one side of the electrolyte was of semispherical shape and

the other was maintained in a cylindrical form with a flat

upper surface. The upper portion of the electrolyte was con-

nected to platinum lead wires using a Pt-paste and Pt-

meshes in order to provide intimate adhesion for optimized

electroding. The YSZ component was sequentially treated at

800oC for 1 h in an electric furnace. 

The SSC (Sm0.5Sr0.5CoO3) discs were presintered at 800
oC

in order to provide the minimum mechanical strength

required for installation into the measuring apparatus. The

YSZ semispherical fixture and the SSC ceramic disc were

loaded into spring-loaded alumina fixtures. After aligning

the SSC discs in the measurement fixture, the measure-

ment apparatus was heated to the actual sintering temper-

ature of 950oC, mimicking the actual contact conditions

between an electrolyte (YSZ) and a cathode (SSC) during

the fabrication of SOFC modules.

Temperature-dependent impedance spectra were collected

in a temperature range from 600oC to 800oC using a fre-

quency-response analyzer at an oxygen partial pressure

ranging from 1 to 10−4 atm (including air), with an oscillat-

ing amplitude of 25 mV. The impedance spectra were

acquired in a logarithmic manner between 1 MHz and 0.01

Hz with 10 points per decade. The measured impedance

spectra were analyzed using an equivalent circuit model.

3. Results and Discussion

When a semispherical YSZ electrolyte is positioned onto

the cathode materials, as shown in Fig. 1, the electrode con-

figuration forms a geometrically limited contact between

the YSZ electrolyte and cathode material (SSC). The geo-

metrically narrow contact produces resistance in the ionic

electrolyte, and the corresponding electrode polarization

increases dramatically due to the significant reduction in

the contact area at the electrolyte/electrode interface. Such

electrical phenomena can be interpreted in terms of spread-

ing resistance.9,10) Although the “spreading resistance” con-

cept has been widely utilized in electron-based semi-

conductors, an identical concept can be applied to ionic con-

ducting systems such as ionically operating solid oxide fuel

cells.11-14)  As expected from the limited contact illustrated in

Fig. 1, the geometric constriction increases the related resis-

tance and decreases the corresponding capacitance accord-

ing to the following equation:9,10,15)

(1)

where R
c
 is the spreading resistance due to the geometrical

constriction at the electrolyte/electrode interface, σ is the

Rc ρbulk

1
 4a 
----------⎝ ⎠
⎛ ⎞=

Fig. 1. Schematic diagram demonstrating geometrical constric-
tion between the YSZ electrolyte and cathode employed
for ac two-point impedance spectroscopy.

Fig. 2. Schematic cell descriptions (a, c) and their equivalent circuit models (b, d, and e). Detailed cell structures of (a) parallel elec-
trode and (c) unparallel electrode configurations involving a geometrical constriction between electrode and an electrolyte. The
corresponding equivalent circuit models are shown in (b) and (d). (e) shows the resultant approximation of Fig. 4(d).



March 2013 Relative Comparison of Cathode Polarizations in Solid Oxide Fuel Cells... 165

conductivity of the electrolyte, and a is the radius of the con-

tact area.9,10) Furthermore, the corresponding capacitance is

given by the following equation:

C
c
=4εε

ο
a (2)

where Cc is the capacitance due to geometric constriction at

the electrolyte/electrode interface, e is the relative dielectric

constant, and  εo is the vacuum dielectric constant.

Conventional two-point electrode impedance spectroscopy

incorporates a two parallel electrode geometry, as shown in

Fig. 2(a). The corresponding equivalent circuit model can be

described as shown in Fig. 2(b), where the bulk resistance

component is connected to two RC circuits originating from

two interfaces. However, the overall impedance spectra can-

not be resolved explicitly due to the overlapping electrode

contributions of the electrodes, i.e., the upper and lower

electrodes. In other words, discrete contributions from each

electrode cannot be deconvoluted due to the similar magni-

tudes of their corresponding time constants. Furthermore,

the high-frequency bulk resistance is typically small, in a

range of several ohms, and is the sum of the ohmic electro-

lyte and electrode resistances. However, the asymmetric

electrode configuration (e.g., the limited contact between

an electrode and electrolyte) shown in Fig. 2(c) alters the

numerical polarization parameters, as shown in Fig. 2(d).

The geometrical constriction leads to additional spreading

resistance within the YSZ electrolyte, in addition to the

amplified electrode contribution originating from the elec-

trode polarization near a pointed contact point. The equiva-

lent “spreading resistance” is much larger than the initial

resistance (on the order of several ohms). Consequently, the

resultant bulk and electrode polarization can be simplified,

as shown in Fig. 2(e), and the resultant impedance spectra

exhibit the bulk ionic contribution and the electrode polar-

ization adjacent to the geometrically constricted point pre-

sented in Fig. 2(c). The actual impedance spectra are shown

as a function of temperature and oxygen partial pressure in

Fig. 3. The empirical impedance spectra of Fig. 3 can be sys-

tematically analyzed based on the proposed equivalent cir-

cuit modeling of Fig. 2(e). The current study assumes that

there are two RCPE components depending on the intermedi-

ate and low frequency regimes, i.e., (Rh-fCPEh-f )(Rl-fCPEl-f ),

where the subscripts “h-f ” and “l-f” denote the high-fre-

quency and low-frequency components in the electrode-

related impedance spectrum portions. In the symmetric and

parallel electrode configurations, two electrode responses

are superimposed, leading to one set of interfacial electrode

responses, precluding the possibility of separating the con-

stituent electrodes, i.e., the upper and lower electrodes. In

contrast, the asymmetric electrode configuration induces a

significant imbalance. However, the contact-related (RCPE)

component is still close to that of the parallel/large-area

electrode. The overall impedance spectrum is largely con-

trolled by the RC contributions originating from the geomet-

ric constriction due to the dissimilar natures of the resis-

tances and capacitances in their serial connection structure

(see Fig. 2(e)).

The detailed information of both bulk and electrode con-

tributions allows for determination of the normalized cath-

ode polarizations (the ratio of (Rh-f+ Rl-f) to R0) with regard to

a given electrolyte.

Normalized Polarization = 

(Total Electrode Polarization)/(Spreading Resistance) (3)

= Rt/R0 = (Rh-f+Rl-f)R0

The normalized polarization indicates the polarization

loss with regard to the specific electrolyte, allowing for a rel-

ative comparison among various cathode materials applied

to the specified electrolyte. As the normalized polarization

Fig. 3. Impedance spectra: (a) impedance spectra as a func-
tion of temperature and (b) impedance spectra as a
function of oxygen partial pressure using Sm

0.5
Sr

0.5

CoO
3
 as cathode materials.
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becomes smaller, the cathodic performance is accordingly

enhanced. In other words, minimization of the normalized

polarization reduces the effective loss across the unit cells,

improving the output performance, i.e., the resultant power.

As shown in Fig. 3(b), the bulk response, i.e., the high-fre-

quency intercept, is independent of oxygen partial pressures

with much larger resistance values than those obtained

with the parallel electrode configuration. The analyzed

parameters are presented in Tables 1 and 2 and Fig. 4. The

temperature-dependent information allows for calculation

of the activation energy related to the YSZ bulk component,

which was found to be 0.97 eV. The bulk activation energy

reportedly ranges from 0.80–1.0 eV, which is in reasonable

agreement with the value determined in the current

study.15,17) The activation energies of Rh-f and Rl-f are calcu-

lated to be 1.66 and 2.98 eV, respectively. In particular, Rl-f

increases most significantly with decreasing temperature,

likely due to a reduction in the electrochemical reaction

involving oxygen transport. The oxygen partial pressure

affects the charge transport kinetics, and the low oxygen

partial pressure is believed to increase the corresponding

polarization loss. The defect chemistry of Sm0.5        Sr0.5CoO3

cathode materials may be responsible for the reduction in

ionic conductivity at high oxygen partial pressure. However,

the current observation appears to support a much higher

contribution from the polarization loss reduction in mixed

conducting cathodes compared to the counter-effect due to

the low ionic conductivity at high oxygen partial pressure.

Our previous work on LSM materials indicated a much

higher polarization value than that of mixed conducting

SSC materials: the normalized electrode polarization of an

LSM-based cathode is 2.545 and that of an SSC cathode is

calculated to be 0.345 under identical temperature and oxy-

gen partial pressure conditions, indicating that SSC is the

most appropriate cathode material with regard to the YSZ

electrolyte.18) In particular, given that the cathode materials

provide sufficient porosity allowing for the rapid diffusion in

oxygen molecules, the current two (RCPE) components are

believed to be associated with the adsorption/desorption

process on the surface of the cathode electrode and ionic

conduction within the mixed conducting materials, i.e., SSC

rather than the diffusional contribution of oxygen mole-

cules, based on work by Koyama et al..8)

Baker et al.19) considered spreading resistance concepts

and dealt with the geometric constriction in terms of elec-

trodes, unlike the current work. The spreading resistance

concept was applied in their study only to explain their

results regarding the electrodes based on estimation of the

electrode only. Accordingly, the current normalized polar-

ization concept can provide a relative comparison among

cathode materials. The current methodology is believed to

be more universal than other previously reported methods.

The modified impedance spectroscopy approach can be

applied to various types of electrolytes, regardless of tem-

perature or oxygen partial pressure. A more detailed

numerical approach will be employed in a forthcoming

study.

4. Conclusions

The geometric restriction implemented in this study allows

quantitative determination of the cathode polarizations due to

a single electrode with regard to a specified electrolyte. The

measured impedance information was explained based on a

“spreading resistance” concept and the apparent bulk and

interfacial contributions were determined to originate solely

from the geometrically limited contact. The corresponding

bulk and interfacial contributions were analyzed with regard

to temperature and oxygen partial pressure using a simplified

equivalent circuit, R0(Rh-fCPEh-f)(Rl-fCPEl-f), involving resis-

Table 1. Analyzed Resistance Values of Bulk (R
0
) and Interfacial Components (R

h-f
 and R

l-f
) Related to Cathode Materials as a

Function of Oxygen Partial Pressure Obtained at 800oC

Oxygen Partial Pressure (atm) R
0 
(Ω) R

h-f 
(Ω) R

l-f 
(Ω) R

t 
(Ω) R

t
/R

0

1 85.67 5.03 22.14 27.17 0.317

0.21 85.19 5.582 24.28 29.862 0.350

0.1 84.72 6.062 28.17 34.232 0.404

0.01 84.43 6.273 29.78 36.053 0.427

0.001 84.22 6.384 31.08 37.464 0.445

0.0001 85.36 8.25 36.95 45.2 0.541

1 (LSM)* 182.2 24.38 439.4 463.78 2.545

*Reference [17]

Table 2. Analyzed Resistance Values of Bulk (R
0
) and Interfacial Components (R

h-f
 and R

l-f
) as a Function of Temperature Related to

Cathode Materials Obtained in Ambient Conditions

Temperature (oC) R
0 
(Ω) R

h-f 
(Ω) R

l-f 
(Ω) R

t 
(Ω) R

t
/R

0

800 85.19 24.28 5.582 29.862 0.350

700 208.60 129.60 339.70 469.3 2.250

600 755.90 1203.0 7910.0 9113 12.056
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tors and constant phase elements.
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