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In the reported work, we reconstruct a LiCoO2 cathode three-dimensionally, for the first time differentiating between all three
constituents: (i) active material, (ii) binder and (iii) pore space for this specific material. We apply a hybrid method of manual and
gray-scale threshold segmentation to reconstruct a cuboid with a volume of approximately 4500 μm3 . The reconstructed geometry is
characterised to support the data basis of homogenized cathode models. We solve numerically for electrical conductivity and derive
electrical tortuosity analytically from the result. Pore space connectivity and pore size distribution are calculated.
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Assumptions about the basic microstructure of the battery components form the starting point for most models predicting lithium-ion
battery behavior,1–4 which provide important benchmarking parameters such as cycling performance and temperature characteristics.
Until now most models have relied on the porous-electrode theory,5
which describes potential distribution in both liquid-filled pore space
and solid phases by employing concentrated solution theory and Fickian diffusion. Another less common representation of the electrode is
the single particle model,6 in which each electrode is described as
a single particle, considerably reducing calculation time. Both approaches have in common that they simplify the actual microstructure
to a large degree and neglect effects that can only be explained by
considering the inhomogeneous layer with varying pore and particle
size.
Recently, focused ion-beam scanning / electron microscopy
(FIB/SEM)7 was employed to study the microstructure of solid oxide fuel cells (SOFCs) by removing thin layers of electrode material
and combining images of each layer to produce a three-dimensional
reconstruction of the respective electrodes.8–12 This method was
subsequently applied to polymer electrolyte membrane fuel cells
(PEMFCs).13, 14
This technique was also utilized to study the LiCoO2 cathode of
a lithium-ion battery, differentiating between the active material and
a combined binder and pore phase and focusing on the topography
of single LiCoO2 particle, including cracks and grain boundaries.15
Ender et al.16 studied a LiFePO4 cathode and identified a spatial distribution of binder, active material and pore volume which differed considerably from a LiCoO2 -based cathode. They used the reconstructed
microstructure to calculate volume fractions, volume-specific surface
areas and tortuosity. Both groups of authors utilize a resin to simplify
the segmentation.
Like Wilson et al.,15 we focus on a LiCoO2 cathode. Unlike them,
we differentiate between all three constituent parts - (i) the active material, LiCoO2, (ii) the binder and (iii) the pore space - by applying a
hybrid method of manual and gray-scale threshold segmentation. We
do not use a resin, which potentially leads to a less invasive method
for image generation. After the segmentation process is completed,
we generate and mesh a resulting cuboid. In application, we utilize
this geometry to calculate the electrical conductivity from bulk values with the finite element method (FEM). Additionally, we calculate
connectivity and the distribution of volume and pore size. These parameters are useful for implementation of future models of LiCoO2
cathodes.
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Experimental
To obtain the electrode material used in this work, a new VARTA
LIC 18650 WC lithium-ion battery was unsealed and dismantled.
After evaporation of the electrolyte, a piece was extracted from the
cathode and prepared for FIB/SEM by sputtering a platinum layer onto
the surface of the sample to gain a more planar area as a starting point
for the FIB. Additionally, two reference lines, one orthogonal and the
other with an angle of 48.2◦ in relation to the cutting plane, were
imprinted into the platinum layer, providing a method independent
of surface skew or irregularities to determine slice thickness (Fig. 1).
With the help of an FEI Quanta three-dimensional dual-beam FIBSEM at Fraunhofer IZM, Berlin, a cavity was cut into the sample as
a starting point and subsequently one side of the cuboid was ablated
slice by slice, while the SEM, with an angle of 38◦ relative to the
sample surface, generated one image per slice.

Image Processing
In a first step, it was verified that the section of the images designated for segmentation contain no crystals that can form during the
evaporation of the electrolyte. Then the images were aligned by the
following steps: To compensate for global sample movement due to
vibrations and temperature-induced contraction and expansion, the
images were aligned in reference to an untouched surface area which
was visible on all images. With the help of the reference lines, the
average slice thickness was determined to be 62 nm ± 12 nm. The
chosen resolution of the utilized REM is 35 nm × 35 nm. To compensate for the angled REM, each image was first translated −38.2 nm in
the y-direction relative to the preceding image and then stretched by
a factor of 1.27 (Fig. 1). The gray-scale images were recalculated to
sustain an image resolution of 35 nm × 35 nm with voxels of 35 nm
× 35 nm × 62 nm. To complete the alignment process, the images
were cropped to remove unwanted fringe areas, such as side walls
and surface, generating a stack of 200 images describing a cuboid
which measures 20.02 μm × 18.13 μm × 12.4 μm and a volume of
approximately 4500 μm3 .
The segmentation was performed on an image-by-image basis by
generating a specific histogram of each image and pre-segmenting
the three phases by threshold values given by minima between the
overlapping intensity peaks of LiCoO2 and binder phases and left
of the binder phase peak. Where required, this segmentation was
corrected manually by comparing the pre-segmented images with
the original image and its respective neighboring images. This is
necessary for material that is visible in the background, but behind
the cutting plane, and pixels with a modified gray-scale value due to
light reflection from phase boundaries or surface irregularities.
Finally the segmented images were assembled and each phase
visualized with the ScanIP software17 (Fig. 2).
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Figure 1. a) Schematic diagram of the experimental set-up. The sample is sliced by a focused ion beam. A scanning electron microscope with an angle of 38◦
relative to the sample surface creates one image per slice. Due to the camera angle, images must be aligned. b) Image of cutting plane and sample surface created
with the scanning electron microscope. Two reference lines are imprinted into the sputtered platinum layer for alignment purposes.

Calculation of Material Properties
The importance of the electrical conductivity of the respective
electrodes is well documented in the literature.18–22 In the following,
we calculate the specific effective electrical conductivity of the composite electrode in each spatial direction. The governing equation is:
i = −σeﬀ ∇ϕ

[1]

with the current density i, the effective conductivity σeff of the composite cathode and the electric potential ϕ. Assuming the length L
from one face of the generated geometry to its opposite side, the corresponding cross-sectional area A and a resulting electric current I,
we can formulate for all three spatial directions:
σeﬀ ,κ = −

Iκ L κ
∇ϕ Aκ

κ = x, y, z

[2]

To solve these equations, we employ the ScanIP software17 for
meshing. Due to the complexity of the geometry, the segmented images were resampled to create one voxel with the dimensions 140 nm
× 140 nm × 248 nm from 64 voxels (4 in each spatial direction) by
the majority wins method, where the new voxel is assumed to be of the
material that was allocated to the majority of its formative voxels.17
A mesh with 4.2 million cells was created and imported into the FEM

software COMSOL.23 We assume the electrolyte to be non-conductive
for electrons. Typical bulk electrical conductivities of LiCoO2 : σLiC
= 0.0001 −1 cm−120 and binder with additives: σB = 0.1
−1 cm−121, 22 are taken from literature. By assuming an arbitrary potential of 1 volt, we can thus numerically solve for the current flow for
a specific spatial dimension and then derive the value of the respective
electrical conductivity (Table I).
Numerous definitions of tortuosity have been formulated by scientists to describe the effect of porous media on bulk diffusivity values of
the materials involved.24–26 Wyllie et al. and others24, 27, 28 verified the
equivalence of diffusivity and electrical conductivity. Most models
that describe electrical conductivity in porous media rely on a socalled resistivity formation factor F.24, 25, 29 To evaluate the tortuosity
τ of the geometry reconstructed in this work, we employ an electrical
resistivity model that was first introduced by Cornell et al.29 :
τκ = Fκ ε

κ = x, y, z

[3]

with ε being the porosity of the porous material. In our case, we
differentiate between conductive and nonconductive materials, thus
defining porosity as the pore-space fraction:
ε=

Vp
V

[4]

The resistivity formation factor F can be formulated as
Fκ =

σeﬀ ,κ
σs

κ = x, y, z

[5]

Table I. Calculated values of the model in this paper. The main
results (effective electrical conductivity, tortuosity and porosity)
are emphasized by bold lettering. We achieve good agreement
between all three spatial directions, which is an indication of
overall isotropy of the cathode material.

Figure 2. Visualization of the three-dimensional reconstruction of a 20.02
μm × 18.13 μm × 12.4 μm section of a lithium-ion cathode with ScanIP. a)
LiCoO2 b) Binder c) Pore space d) The combination of the three phases.

I (μA)
A (μm2 )
L (μm)
σeff (−1 cm−1 )
τ
VLiC (μm3 )
3159
VLiC / V
0.7

x-direction

y-direction

z-direction

3.06
224.8
20.02
0.00272
0.0236
VB (μm3 )
771
VB / V
0.17

4.49
248.3
18.13
0.00328
0.0284
VP (μm3 )
593
ε = Vp / V
0.13

9.46
363
12.4
0.00323
0.028
V (μm3 )
4523
σs (−1 cm−1 )
0.00197
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Figure 3. Pore size distribution of the connected pores. The x-axis labeling indicates the maximum diameter of the specific interval.

with a conductivity σs weighted according to the volume fraction of
the solid phases, namely binder and LiCoO2 :
σ B VB + σ LiC VLiC
σs =
VB + VLiC
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List of Symbols

All volume fractions are calculated with ScanIP.17 This enables us
to derive the electrical tortuosity for all three spatial directions. The
results are listed in Table I. Good agreement between all three spatial
directions is found, indicating overall isotropy of the cathode material.
To further analyze the LiCoO2 -based cathode, we calculate a pore
size distribution using a method first described by Delerue et al.,30
which was further developed by Thiele et al.14 and smoothed by a
kernel density estimation32 with a Gaussian kernel and a bandwidth
of one pixel. In a first step, the pore space is evaluated for connectivity
with Matlab.14, 31 The connected pores are determined to account for
96% of the total pore space. In the following step, the x-direction and
y-direction of each image is recalculated to give a resolution of 31 nm
× 31 nm while the z-direction is held constant at 62 nm, as the method
demands an integral multiplier between resolutions in all three spatial
directions. Finally the pore size distribution is calculated. The result is
depicted in Fig. 3. A large number of pores were found between 0 and
186 nm which – in addition to effects due to the method employed14 are also attributed to the numerous small pores in the binder material.
This leads to the conclusion that in future work, the binder material
must be analyzed with a higher resolution, as its morphology is on a
different scale to the distribution of LiCoO2 particles.
Conclusions
In the reported work, the three-dimensional reconstruction method
was utilized for the first time to identify and differentiate between all
three phases of the LiCoO2 -based cathode of a Li-ion battery. This
is needed to replace simpler models such as the porous-electrode
theory, so that geometrical characteristics of the studied material can
be represented more exactly. As an example, we characterize the
cathode in terms of electrical conductivity and pore size distribution
to improve on the data base of homogenized cathode models. To
support future meso-scale models, we provide the segmented images
as supplementary material. Please contact the corresponding author
for more information on how to acquire these images.

A
F
i
I
L
V
VB
VLiC
VP
ϕ
ε
κ
σB
σeff
σLiC
σs
τ
ϕ

cross-sectional area of the reconstructed, cuboidal cathode
section (μm2 )
resistivity formation factor
electric current density (A μm−1 )
electric current (A)
distance between two opposite faces of the reconstructed,
cuboidal cathode section (μm)
volume of the reconstructed, cuboidal cathode section (μm3 )
volume of the binder phase (μm3 )
volume of the LiCoO2 phase (μm3 )
volume of the pore space (μm3 )
electric potential difference (V)
porosity
subscript defining spatial direction
bulk conductivity of the binder material with conductivityenhancing additives (0.1 −1 cm−1 )
effective conductivity of the composite cathode (−1 cm−1 )
bulk conductivity of the active material LiCoO2 (0.0001
−1 cm−1 )
combined bulk conductivity of the solid phases, binder and
LiCoO2 , weighted according to respective volume fraction
(−1 cm−1 )
tortuosity
electric potential (V)
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