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Electrochemical energy storage and conversion devices, including fuel cells and batteries, 
rely upon distinct 3-D arrangement of chemically active materials and phases in the 
electrode to support transport of reactants and charge. The ability for directed design of 
these materials at the micron and nanometer scale to create more effective reaction sites 
and supply reactant species to these sites holds the potential for enhanced device 
performance and longevity. Although various approaches, ranging from percolation theory 
and mixture average models, to detailed multiphysics models have been proposed [1], 
current approaches have considerable shortcomings, ranging from mixture average models 
that cannot accurately correlate predictions with a specific microstructure, to detailed 
multiphysics models that make analysis intractable for computational domains large 
enough to be representative of the actual material. There is a scientific gap and need for a 
computationally tractable tool that can accurately predict the performance of complex 3-D 
reticulate material structures used in electrochemical devices. 
 
In this presentation, an analytical model capable of rapidly and accurately assessing the 
performance of complex 3-D microstructures will be reported [2]. This rapid assessment tool, 
called Electrochemical Fin (ECF) theory, can account for the 3-D shape of the microstructure, 
surface electrochemical reactions, and ion/electron diffusion in the bulk material. This 
approach, as illustrated in Figure 1, uses analytical closed form solutions to accurately 
represent the material microstructure as a detailed 3-D network. The actual 3-D material 
microstructure is imaged and characterized using a synchrotron-based transmission x-ray 
microscope. Three-dimensional structures within the sample volume are imaged and 
tomographically reconstructed at sub-20 nm spatial resolution. 
 
ECF theory is demonstrated on Sr2Fe1.5Mo0.5O6-δ (SFM), a redox stable solid oxide fuel cell 
(SOFC) electrode [3]. X-ray nanotomography performed is using a synchrotron-based 
transmission x-ray microscope with subsequent image processing to obtain 3-D data networks 
of resistive components and determining appropriate model parameters is presented.  The 
electrode microstructural network is then subsequently analyzed using ECF theory.  
Predictions of electrode performance compare favorably to 3-D finite element simulations of 
charge transport with surface electrochemical reactions. Analysis of larger representative 
volume elements extracted from the x-ray nanotomography data agrees reasonably with 
experimental measurements of polarization measurements [2]. Advantages of ECF theory will 
be addressed, particularly with respect to the significant reduction in memory requirements 
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and computational time. ECF is able to rapidly analyze real microstructures with details 
comparable to finite element and lattice Boltzmann methods, but at volume sizes that finite 
element and lattice Boltzmann methods cannot perform due to memory and computational 
time limitations. 

	  
Figure 1: General process workflow for generating an electrochemical fin network from a real 

Sr2Fe1.5Mo0.5O6-d (SFM) electrode microstructure: (a) X-ray nanotomography data is reconstructed 
to generate a grayscale tomogram; (b) a region of interest within the grayscale image data is 

thresholded to produce a digitized volume element representing the distinct phases of the 
electrode; (c) the digitized data is passed to a skeletonization algorithm and an initial 

microstructural skeleton is further partitioned into a network; (d) the particles comprising the 
network are characterized to yield electrochemical fin morphological parameters and the network 

performance is subsequently assessed. Figure is from [2]. 
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[31]. The SFM electrodes assessed in the present work are porous
electrodes extracted from a symmetric cell and contain a single
solid phase. Further details of the fabrication and electrochemical
characterization of these symmetric cells have been outlined by Liu
et al. [31]. Cylindrical core samples approximately 10 mm in diam-
eter and 15e20 mm in height were extracted from these symmetric
cells using an FEI Strata focused ion beam-scanning electron mi-
croscope. The use of such samples with a consistent X-ray ab-
sorption cross-section has been found to improve image quality,
which greatly facilitates reconstruction and segmentation [32,33].
The SFM samples were imaged using the transmission X-ray mi-
croscope (TXM) facilities at APS beamline 32-ID-C. X-ray nano-
tomography measurements for each sample consisted of a series of
181 transmission images taken over a rotational range of !90". 181
transmission images were found to be adequate for the feature
sizes of interest in the SFM samples, which were well above the
spatial resolution of the microscope. In addition, it mitigated the
issues of image alignment and experimental runtime associated
with collecting image data at a very large number of angles. Since
only a single solid phase is present in the SFM, nanotomography
measurements were performed at a single X-ray energy level,
8 keV. The transmission image data was then reconstructed using a
filtered back projection algorithm to generate a three-dimensional
dataset, or tomogram. A cross-sectional slice taken from the
reconstructed X-ray nanotomography dataset, Fig. 2a, demon-
strates that imaging at a single X-ray energy level proved sufficient
to distinguish the solid SFM phase from the pore regions.

2.3. Image processing and microstructural characterization

The three-dimensional X-ray nanotomography data for the SFM
samples was initially processed using the ImageJ software [34] to
generate digitized representative volume elements (RVEs) for later
analysis. Two representative volume elements (RVEs) of 200 pixels
(5 mm) to a side and a cylindrical sample volume with a diameter of

9 mm and a height of 11.25 mmwere sectioned from the data. Minor
filtering was performed by first applying a Gaussian blur filter to
reduce pixilation and remove outliers, which can both stem from
the image acquisition process itself or from imperfect alignment
during the reconstruction process. Next, a sharpening filter was
applied to ensure contrast was maintained at solid-pore bound-
aries. The sharpening filter was followed by repetition of the
Gaussian blur, and a subsequent mean shift to smooth gray values
within each phase. After filtering, rather homogeneous grayscale
values within each phase and significant contrast between the two
phases permitted the discrete labeling of the structure by a simple
gray-scale thresholding method. An example of a final thresholded
region of interest within the SFM sample is shown in Fig. 2b.

Application of the analytical electrochemical fin modeling
framework to a real structure requires retrieving topological and
morphological information from an RVE. In the present approach,
skeletonization of the 3-D SFM nanotomography data provides a
representation of the structure as a set of vertices connected by
edges. This skeletonization step provides a basis for further parti-
tioning of the SFM phase into a network of segments of different
shapes for morphological characterization. The characterization
tool consists of Matlab (Mathworks, Natick, MA) routines that call
Avizo (Visualization Science Group, Burlington, MA) scripts for
specific procedures. The general workflow is summarized by Fig. 2
and described hereafter. It should be noted that for the current
analyses, only regions that connect opposite RVE faces are consid-
ered. This contiguity is determined using a labeling procedure. A
digitized representative volume element, Fig. 2c, is produced from
the thresholded region of interest and passed through a series of
calculations. These calculations are referred to as skeletonization,
edge-based partitioning, and analysis of individual segments.

2.3.1. Skeletonization
To begin the skeletonization portion of the image processing

workflow (Fig. 2c) closed pores within the solid phase are filled to

Fig. 2. General process workflow for generating an electrochemical fin network from a real SOFC electrode microstructure: (a) X-ray nanotomography data is reconstructed to
generate a grayscale tomogram; (b) a region of interest (ROI) within the grayscale image data is thresholded to produce a digitized volume element representing the distinct phases
of the electrode; (c) the digitized data is passed to a skeletonization algorithm and an initial microstructural skeleton is further partitioned into a network; (d) the particles
comprising the network are characterized to yield electrochemical fin morphological parameters and the network performance is subsequently assessed (color online).
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