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Is 2D stereological method good enough for quantification of solid
oxide fuel cell electrode microstructure?
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Nowadays, by the significant progresses in the development

of solid oxide fuel cell (SOFC) materials and the thin-film

fabrication methods for electrolyte, the performance of

SOFC has been dominated by the microstructures of elec-

trodes [1, 2]. Based on the first generation electrodes con-

sisting of a single phase catalyst, the new generation

electrodes consisting of interpenetrating percolating multi-

ple phases with multiple functionalities have been usually

employed in commercially-viable SOFCs [3]. As compared

to the many configurations, such as graded electrodes and

nanostructured electrodes, the spongy-like porous compos-

ite electrodes fabricated by mixing and co-sintering pro-

cesses are the most mature configuration due to easy

fabrication, low cost and longevity. The linkage between the

microstructure and performance is crucial to design better

electrodes. A huge volume of work dedicated to this topic is

available in the open literature. Many papers intended to

build quantitative or even predictive models. However, the

beginning point should be the quantification of microstruc-

tures, since this is the guarantee that the models and the

experiments concentrate on the same system. However, the

quantification of SOFC electrode microstructures is a

longstanding project due to the extreme complexity in three-

dimensions (3D). In recent years, focused ion beam-scan-

ning electron microscopy (FIB-SEM) and X-ray computed

tomography (XCT) techniques have been used to recon-

struct the 3D microstructures of the porous electrodes [4–6],

so that the geometric factors, such as porosity, connectivity,

three-phase boundary (TPB) length, and inner surface areas

can be accurately obtained. The 3D microstructures can be

used as the framework for modeling electrochemical and

heat–mass transfer processes without using empirical ide-

alizations in microstructures, and thus set up a quantitative

linkage between performance and microstructure [7]. This is

the core advantage of these 3D imaging methods. However,

the FIB-SEM and XCT technique are expensive and time-

consuming and not available in most laboratories. For

geometric quantification, 2D microscopies also provide

microstructure information. It is of practical importance to

develop 2D quantification methods. A few works have uti-

lized 2D SEM microscopies to quantify geometric proper-

ties of SOFC electrodes [8]. However, the feasibility has not

been verified yet. It is not clear that whether the 2D stere-

ological method is good enough for quantification of SOFC

electrode microstructure.

The present work uses a 2D stereological method to

estimate the 3D geometric properties of SOFC electrodes.

The feasibility of the 2D method is verified by comparing

the 2D analysis results with the 3D analysis results by the

XCT determined SOFC electrode microstructures.

Figure 1 illustrates how the electrode is represented by a

2D slice or a 3D matrix. The 3D matrix is actually a stack

of a sequence of 2D slices, which can be obtained by FIB-

SEM serial sectioning or XCT rendering. Of course, the

quantification begins with the successful segmentation of

the various phases (typically, three phases) in the 2D slices,

which is quite mature in image processing. Then, the

geometric factors, such as the volume fractions of each

sub-phases, the inner surface area where solid phase meets

with pore phase, the inner interface area where two solid

phases meet, and the TPB length where surface meets with

interface can be defined by either the 2D slice or the 3D
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matrix, as shown in Fig. 1. According to 2D stereological

method [8], the geometric factors can be defined as follows

by the 2D slice image,

(1) Electrode porosity and volume fractions of solid

phases (–):

/ ¼ Numi=Numtot; ð1Þ

where Numi is the pixel amount of phase i in the 2D image,

and Numtot is the total pixel amount of the 2D image.

(2) Inner surface/interface area (lm2/lm3):

areak ¼ 2Segki =Li; ð2Þ

where Segki represents the number of intersections between

a test line i and surface/interface k. Li is the length of test

line i. The test line is an arbitrary line in the 2D segmented

image. The constant ‘‘2’’ in the correct area estimation

formula is a consequence that the area of the isotropous

surface/interface in 3D space is statistically twice of its

projected area on the 2D plane perpendicular to the ran-

domly orientated test line.

(3) Volumetric TPB length (lm/lm3):

TPBL ¼ 2Numtpb=Areatotal; ð3Þ

where Numtpb is the number of TPB points in the 2D image,

and Areatotal is the area of the 2D image. Similarly, the con-

stant ‘‘2’’ represents the fact that the length of a isotropous

curve (e.g. TPB) in 3D space is statistically twice of its pro-

jected length on the 1D line perpendicular to the 2D image.

Fig. 1 (Color online) Illustration of microstructure quantification of SOFC composite electrode consisting of functionally ionic conducting

phase [i phase in grey (red online)], electronic conducting phase [j phase in dark (blue online)], and pores
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In-house Matlab code is written to calculate geometric

properties using the 2D segmented images. The 3D

microstructures of a LSM (strontium-doped lanthanum

manganite)/YSZ (yttria-stabilized zirconia) electrode, a

LSCF (La0.6Sr0.4Co0.2Fe0.8O3)/SDC (Ce0.9Sm0.1O1.95)

electrode, and a Ni/YSZ electrode (reconstructed by XCT

imaging the National Synchrotron Radiation Laboratory of

China located at university of science and technology of

China) are employed to compare the 2D stereological

method with the 3D imaging method. The geometric fac-

tors are first calculated using the 3D matrix, then calculated

using the 2D slices extracted from the 3D matrix by the 2D

stereological method.

Figure 2 shows the 3D microstructures of the three

electrodes. For the LSM–YSZ electrode (Fig. 2a), LSM

and YSZ are not segmented due to the low contrast

between them. Thus, for this electrode, we just calculate

the porosity and the inner surface area of solid phase

(LSM ? YSZ). For the LSCF–SDC electrode (Fig. 2b) and

the Ni–YSZ electrode (Fig. 2c), all the phases are seg-

mented, thus permitting the calculation of surface/interface

area of each phase and TPB length. Table 1 shows the

comparison between 2D analysis results and 3D analysis

results, showing clearly that the 2D results agree nicely

with the 3D results. In principle, the electrode porosity,

volume fractions of solid phases, inner surface/interface

area, and TPB length can be estimated directly using the

2D stereological method. However, the percolation and

tortuosity properties cannot be analyzed by the 2D method

at the present stage. This is a major disadvantage over the

Fig. 2 (Color online) a Reconstruction results of LSM–YSZ electrode, b LSCF–SDC electrode, and c Ni-YSZ electrode by using 3-D X-ray

computed tomography (XCT) imaging technique. Dark (blue online) in (a) represents LSM–YSZ composite matrix. Dark/grey (red/blue online)

in (b), (c) represents i/j phase, that is, SDC and YSZ/LSCF and Ni

Table 1 3D and 2D geometrical analysis results of the LSM–YSZ electrode, the LSCF–SDC electrode, and the Ni–YSZ electrode

Electrodes Geometrical parameters 3D 2D

LSM–YSZ Porosity 0.3656 0.3656 ± 0.0327a

Surface area (lm2/lm3) 3.7208 3.7108 ± 0.9176

LSCF–SDC Porosity 0.1137 0.1137 ± 0.0393

LSCF surface area (lm2/lm3) 1.0879 1.0875 ± 0.8452

LSCF/SDC interfacial area (lm2/lm3) 1.4361 1.4360 ± 0.7823

SDC surface area (lm2/lm3) 2.0289 2.0306 ± 1.2322

TPB length (lm/lm3) 24.4873 24.1163 ± 4.8261

Ni–YSZ Porosity 0.3782 0.3782 ± 0.0977

Ni surface area (lm2/lm3) 1.0526 1.0531 ± 0.8445

Ni/YSZ interfacial area (lm2/lm3) 0.3353 0.3357 ± 0.3612

YSZ surface area (lm2/lm3) 2.9882 2.9882 ± 1.3054

TPB length (lm/lm3) 12.7610 12.7377 ± 3.1211

a Statistical mean value ± SD
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3D method. When each phase is sufficiently percolated, the

2D method (Eqs. (1)–(3)) is still a good estimator for the

percolated properties. For generic cases, a rational way to

estimate the percolation and tortuosity properties is to

reconstruct the 3D matrix by the 2D slice based on corre-

lation functions, which is a developing area of research in

many fields [9, 10]. It is also noted that the 2D method is

applicable for isotropous microstructures, such as the

spongy-like structures shown in Fig. 2. For the anisotropic

microstructures, for example the graded microstructures,

the 2D method is also applicable to quantify the local

microstructures if the anisotropy is not sufficient at the

scale, at which Eqs. (1)–(3) have statistical significance.

In short, a 2D stereological method is developed to

quantify the microstructure of SOFC electrodes. This

method is verified to be applicable for isotropous

microstructures without loss of accuracy as compared to

the 3D analysis of the microstructures of LSM–YSZ,

LSCF–SDC and Ni–YSZ electrodes determined by XCT

imaging. For generic applications, efforts are needed to

make the 2D method applicable for the anisotropic

microstructures and the estimations of percolation and

tortuosity properties. For the commonly used spongy-like

SOFC electrodes consisting of well percolated sub-phases,

the present 2D stereological method is a good estimator of

the percolation properties.
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