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ABSTRACT

Among various fuel cells, solid oxide fuel cells (SOFCs) offer the highest energy efficiency, when taking into account the ther-

mal recycling of waste heat at high temperature. However, the highest efficiency and lowest pollution for a SOFC can be

achieved through the sophisticated control of its constituent components such as electrodes, electrolytes, interconnects and seal-

ing materials. The electrochemical conversion efficiency of a SOFC is particularly dependent upon the performance of its elec-

trode materials. The electrode materials should meet highly stringent requirements to optimize cell performance. In particular,

both mass and charge transport should easily occur simultaneously through the electrode structure. Matter transport or charge

transport is critically related to the configuration and spatial disposition of the three constituent phases of a composite electrode,

which are the ionic conducting phase, electronic conducting phase, and the pores. The current work places special emphasis on

the quantification of this complex microstructure of composite electrodes. Digitized images are exploited in order to obtain the

quantitative microstructural information, i.e., the size distributions and interconnectivities of each constituent component. This

work reports regarding zirconia-based composite electrodes. 
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1. Introduction

ver the last two decades, solid oxide fuel cells (SOFCs)

have attracted wide-spread attention due to the

increasingly high price of petroleum products and due to

environmental issues associated with air pollution.1-5)

SOFCs are highly efficient electrochemical conversion sys-

tems usually operated at high temperatures near 1000oC,

where the oxygen and hydrogen are employed as an oxidant

and a fuel to generate electric power. In general, the high

operating temperatures of SOFCs can introduce many

undesired technical problems due to the chemical instability

and mechanical discordance between dissimilar materials

in the SOFC components, such as the electrolytes, elec-

trodes, interconnects, and sealing materials. Hence, for the

optimization of SOFC performance, all the key components

should be thoroughly exploited in terms of their physico-

chemical properties and corresponding electrochemical

functions, leading to the minimization of ohmic and polar-

ization losses at the electrode as well as the reduction of the

internal ohmic resistance of whole cells.

Although there have been substantial efforts in the devel-

opment of an intermediate temperature SOFC which can be

operated in the temperature range of 500oC~600oC, some

unsolved issues still remain. These issues are closely

ascribed to the higher cell resistance and lower electrochem-

ical efficiency of electrodes, such as activation polarization

losses at either electrode. In general, most of the challeng-

ing issues are strongly dependent on microstructural factors

in the electrode and electrolyte, such as the volume fraction,

interconnectivity, and size distribution of constituent com-

ponents, i.e. the solid phases and pores. The optimization of

the triple phase boundary (TPB) configuration, which has

been recognized as a critical issue for achieving high electro-

chemical conversion efficiencies for each electrode reaction,

is strongly dependent on the constitutional form of the solid

electrolyte, electrode, and pore phase. However, most

research and development programs for SOFCs place more

emphasis on the overall cell performance rather than on an

exhaustive understanding of the correlation between the

microstructure and its related electrodic functions, either at

the anode or cathode. 

Unlike the conventional image treatment, image processing

can be exploited in order to describe more quantitatively the

microstructure of electrodes in SOFCs, i.e., the cathodes

and anodes.6,7) Statistical analysis allows obtaining

important information on electrode materials, i.e., the size

distribution, volume fraction and interconnectivity of the

constituents, all of which are closely related with the

electrochemical function of an electrode. The present work

reports on the exemplary characterization of a SOFC

electrode, with emphasis on the quantification of the above-
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mentioned microstructural parameters, in conjunction with

the electrochemical performance of the SOFC unit cells.

2. Experimental Procedure

2.1. SOFC cell fabrication

As reported previously,8,9) green anode substrates (thick-

ness ~1.0 mm) consisting of nickel oxide (NiO, Sumitomo,

Japan) and 8 mol%-yttria stabilized zirconia (8YSZ, Tosho

Japan and Unite. USA) were prepared via thermo-set granu-

lation and uni-axial warm pressing. Subsequently, the anode

functional layer (NiO/8YSZ, thickness ~13 µm) and the elec-

trolyte layer (8YSZ, thickness ~8 µm) were deposited by the

screen printing method, and then co-sintered at 1350oC in air

for 5 h. In order to avoid any interfacial reaction between the

electrolyte and the cathode, a GDC (Gd
0.1

Ce
0.9

O
1.95

; Rhodia,

USA) interlayer was added between the cathode and the elec-

trolyte layer by screen-printing and was sintered at 1250oC

for 3 h. Afterward, a GDC-LSC (La
0.6

Sr
0.4

CoO
3
; Seimi, Japan)

composite layer and subsequent single phase LSC cathode

layers were screen-printed on the GDC interlayer, and then

sintered at 900oC. The schematic construction of the

5 cm2
×5 cm2 unit cell with 16 cm2 effective area is shown in

Fig. 1. The current-voltage characteristics were measured

with a SOFC test station (Toyo, SAT890-100W) in a tempera-

ture range of 600oC~800oC. Air was used as an oxidant and

moisturized hydrogen gas (H
2
 + 3% H

2
O) was used as fuel.

2.2. Image analysis

After the cell performance test, the porous space of the

fabricated SOFC cells was filled with an epoxy resin. The

molded specimens were polished to 0.25 µm using SiC abra-

sive papers and diamond pastes, depending upon the level of

polishing. The polished surfaces were then probed by field-

emission scanning electron microscopy (FESEM, JEOL, JSM-

6700F, JEOL info). The images were collected in two comple-

mentary modes, as secondary electron images and back-scat-

tered electron images. The typical acceleration voltage was

fixed at 15 keV in electron microscopy modes. Refined image

processing and quantitative analysis was performed using

commercial software (Version, Image-Pro, Media Cybernetics,

USA). The software was used for image capturing, image opti-

mization, and data acquisition/analysis.

3. Results and Discussion

3.1. Cell performance of LSC cathode and YSZ elec-

trolyte-based solid oxide fuel cells

Fig. 2 shows the cell performance curves of the 5 cm2
×

5 cm2 anode supported cells with an LSCo cathode layer

under the operating condition of 3% H
2
O added hydrogen as

a fuel and air as an oxidant. As shown in Fig. 2, the open

circuit voltage of the cell was around 1.1 V and the maxi-

mum power density of over 1.7 W/cm2 was achieved at

800oC. The high power densities resulted because the GDC

interlayer was able to effectively block the interfacial

reaction between the YSZ electrolyte and the cathode. More

details of the performance evaluation can be found

elsewhere.10)

3.2. Image analysis of LSC cathode and YSZ electro-

lyte-based solid oxide fuel cells

The cell performance of the SOFC unit cell in Fig. 1

should be understood in conjunction with the micro-

structural features of both electrodes, i.e., the cathodes and

anodes. Conventionally, electron micrographs have been

employed in order to describe the qualitative features of

electrode microstructure. In this work, the electron image is

quantified with special emphasis on the microstructural

factors: the volume fraction, the size distribution, and the

consequent interconnectivity (or the inverse of tortuosity).

Field-emission scanning electron microscopy offers the

highest contrast and resolution with its enhanced electron

emission from the sharp-tipped electron gun. Experimental

objects can be visualized in back-scattered electron modes

with the highest contrast, since back-scattered electron

(BSE) images are highly sensitive to the atomic numbers of

Fig. 1. Schematic diagram of SOFC unit cell.

Fig. 2. Output performance of LSC cathode and YSZ electro-
lyte-based solid oxide fuel cells.
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the constituents. Fig. 3 shows the highly-resolved images

across the current SOFC cell.

The obtained BSE images are adjusted into appropriate

formats for the subsequent image processing. The quantified

images require a series of image conversion and data quanti-

fication steps. The image conversion process incorporates

image capturing, scale calibration, and digitized image

expression based on the grey scale. The “threshold” function

and noise filtering should be performed in order to convert

the original back-scattered images into binary images.

Binary images should be available for the constituent

phases: in this case, the solid and pore components. The

processed images are shown in Fig. 4(b) for comparison to

the original BSE image of Fig. 4(a). The colored phases

represent the solid and pore components, followed by the

image separation of the constituent (See Fig. 4(c) and 4(d)).

The characteristic digitized images and the resolved/

processed binary images are shown in Figs. 5 to 8, in the order

of an anode functional layer, a GDC interlayer, a GDC/LSC

cathode composite, and the LSC layer. Each layer contributes

to the power enhancement of the cell performance of the

SOFC unit cell, as pointed out in Section 3.1. The

corresponding microstructures were analyzed in terms of

size contribution, volume fraction and interconnectivity. 

The high-contrast binary images of Figs. 4 to 8 were

analyzed statistically using the well established micro-

structural analysis tool of the line intercept method, along

with user-designed software routines.11) The converted binary

images were reanalyzed using a total of 91 lines drawn for the

Fig. 3. Cross-sectional electron micrograph of the SOFC unit
cell based on backscattered electrons.

Fig. 4. Image analysis of the YSZ-Ni anode layer: (a) high-
contrast backscattered electron image, (b) digitized
binary image, (c) disconvoluted pore image, and (d)
disconvoluted solid image.

Fig. 5. Image analysis of the YSZ-Ni anode functional layer:
(a) high-contrast backscattered electron image, (b) dig-
itized binary image, (c) disconvoluted pore image, and
(d) disconvoluted solid image.

Fig. 6. Image analysis of the GDC interlayer: (a) high-con-
trast backscattered electron image, (b) digitized binary
image, (c) disconvoluted pore image, and (d) disconvo-
luted solid image.
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analysis of each image: 24 lines in the horizontal direction,

29 lines in the perpendicular direction, and 38 lines in the

diagonal directions. The typical procedures for the area mea-

surement and line intercept are shown with respect to the

anode layer in Fig. 4 (See Fig. 9). Based on the line intercept

approach (as shown in Fig. 9), the statistical information was

combined using a statistical methodology proposed in conven-

tional metallurgy.12-14) Figs. 9(c) and (d) show the application

of the line intercepts to the solid and pore components. The

line intercepts were analyzed in order to calculate the mean

line intercepts, whose information is highly critical in

estimating the three-dimensional interconnectivity. 

First, the measured 2-dimensional information was

related to the prediction of the volume fraction of the corre-

sponding component as follows:

                                       (1)

where V
i
 is the three-dimensional fraction of phase i, l

i
 is the

mean intercept of phase i,  is the fraction of the contact

area, and V
i
/  is the volume-to-surface-area ratio of

phase i. The volume-to-surface-area ratios were then used

to calculate the interconnectivity, similar to the approach

used by Lee et al.7):

                                      (2)

If Eqs. (1) and (2) are combined, the resultant interconnec-

tivity of each phase can be expressed by the following:

                    (3)

                    (4)

The resolved microstructural information, i.e., the

interconnectivity, is shown in Fig. 10 and summarized in

Table 1. The volume fractions of each component were also

monitored across the SOFC unit cell and are summarized in

Fig. 11 and Table 1. The highest volume fraction and the

interconnectivities of the pores were observed at the

outermost layers in the cathodes and anodes, i.e., the LSCo

layer and the YSZ/Ni anode layer. The higher volume

fraction and interconnectivity of pores in both outer layers

can be attributed to the smooth delivery of the reactants to

the electrode reaction site as well as to the fast removal of

reaction product from both the cathode and anode side.

Meanwhile, the inner porous layers, the anode functional
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Fig. 7. Image analysis of the GDC-LSC cathode layer: (a)
high-contrast backscattered electron image, (b) digi-
tized binary image, (c) disconvoluted pore image, and
(d) disconvoluted solid image.

Fig. 8. Image analysis of the LSC layer: (a) high-contrast
backscattered electron image, (b) digitized binary
image, (c) disconvoluted pore image, and (d) disconvo-
luted solid image.

Fig. 9. Empirical procedure showing the statistical line inter-
ception: area measurements of the pore (a) and solid
(b) application of the line intercepts to (c) pore and (d)
solid.
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layer and the cathode GDC/LSC layers, possess lower

volume fractions and a low interconnectivity of pores which

can be attributed to the increase of TPB area for the

electrode reaction. Such gradients of porosity and

interconnectivity are believed to enhance the cell

performance in terms of the mass transport through the

porous phase and the electrochemical reaction at triple

phase boundaries.

4. Conclusion

Digital image processing was applied in this study to the

quantification of microstructural factors of SOFC elec-

trodes. The statistical approach based on two-dimensional

stereographic description was extended to three-dimen-

sional estimation. The obtained information started from

the mean line intercepts and volume fractions, followed by

the resultant interconnectivity of each constituent phase.

The image processing of an SOFC unit cell incorporating a

GDC interlayer and LSC-containing cathode indicated that

the pore structures of cathodes and anodes were signifi-

cantly correlated with the physico-chemical properties of

the electrode as well as with cell performance. Hence, con-

ceptual structural modifications based on the aforemen-

tioned image analysis can lead to excellent cell performance

resulting from high interconnectivity of pore components, in

conjunction with a high concentration of triple phase bound-

aries in the cathodes and anodes of SOFCs.
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