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Abstract

Lithium-ion batteries are one of the most important devices for the storage of electrical energy.
Further improvement of their performance is a central goal in state-of-the-art battery research to
satisfy the permanently growing demands. It is well known that this can be achieved by optimizing
the 3D microstructure of the electrodes, which in turn depends on the material composition used
as well as on the corresponding production parameters. Since the calendering process of electrodes
has a significant impact on their microstructure, the goal of this paper is to further deepen the un-
derstanding of how varying the compaction load changes the microstructure of lithium-ion battery
cathodes. For this purpose, three different sample sets are analyzed and compared to each other,
using image data gained by synchrotron tomography. More precisely, we consider differently com-
pacted thin and thick cathodes as well as a set of porosity-graded two-layer cathode samples. A
phase-based as well as a particle-based segmentation of the tomographic image data is performed
to allow for an extensive morphological analysis of the cathode samples, where, among others,
mean geodesic tortuosity and constrictivity of the pore space as well as particle connectivity are
considered to quantify changes of the 3D microstructure. Furthermore, for the two-layer sample
set, a special focus is put on microstructural changes of both layers and the interface between
them.

Keywords: Cathode, lithium-ion battery, microstructure, two-layer electrode, synchrotron
tomography, statistical image analysis

1. Introduction

Lithium-ion batteries are used in a broad range of applications like mobile phones, laptops and elec-
tric vehicles because of their high power and energy density as well as low discharge rate [1, 2, 3, 4].
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Increasing electrification of the transport system and the transformation of the fossil fuel depen-
dent electrical grid to a system that relies on renewable energies lead to a steadily growing demand
for Li-ion batteries with optimized effective properties [5, 6]. Therefore, it is important to improve
their electrochemical performance with regard to, for example, the energy density and cycling sta-
bility [4]. Optimizing the morphology of anodes and cathodes is a promising approach to achieve
this goal since a major factor influencing the performance of a battery is their 3D microstructure
[7, 8, 9, 10, 11, 12, 13, 14]. For this purpose, 3D image data obtained by X-ray tomography is
frequently used [15, 16, 17, 18, 19]. Moreover, the 3D microstructure of such electrodes depends
significantly on the underlying materials as well as the production process [20], where the latter,
among others, consists of mixing [21, 22], drying [23, 24] and calendering [25, 26]. Thus, it is
crucial to understand how different production parameters influence the resulting morphology of
an electrode.

The aforementioned calendering step during the production process is of great importance, as it
heavily influences the density of the electrode and thereby significantly alters the transport paths
within the composite electrode [18]. In general, higher compaction loads lead to higher energy
densities and an increased active material connectivity, which in turn means a loss of connectivity
in the pore space and, thereby, can strongly limit transport within the electrolyte. This reflects the
general trade-off between high energy and high power cells [1]. Therefore, it is important to have a
detailed understanding of how different compaction loads influence the 3D microstructure of bat-
tery electrodes. For example, the 3D microstructure of cathodes manufactured with an arbitrary
compaction load is predicted in [27], using a parametric stochastic 3D microstructure model based
on methods from stochastic geometry [28, 29]. Beyond calendering, a further direct approach to
increase the energy density is given by increasing the thickness of the electrode [30, 31, 32, 33].
However, this hinders charge transport due to longer transport paths [30, 34, 35, 36, 37, 38]. One
promising approach to overcome these limitations are two-layer electrodes [39, 40, 41], where a
different porosity in each layer aims to combine the high energy density of the strongly compacted
layer with a sufficiently connected pore space within the other layer [42, 43, 44, 45, 46]. Thus, the
present paper investigates the 3D microstructure of four two-layer cathodes, which differ from each
other in the porosity of the top layer. In addition, the results are compared to the thin single-layer
cathodes analyzed in [18] as well as nine significantly thicker single-layer cathodes with the same
material composition.

The rest of this paper is organized as follows. In Section 2 we describe the manufacturing process
of the electrode samples, including four two-layer cathodes, as well as the tomographic imaging
method. The subsequent image processing approach is discussed in Section 3, which finally leads to
a phase-based as well as a particle-based segmentation. Then, in Section 4, we describe phase-based
and particle-based descriptors of 3D microstructures, which are used to quantify the morphological
changes within the electrodes. This is done in Section 5, where we compare the 3D microstructures
of a series of eight differently compacted thin cathodes with those of nine thick cathodes, which have
also been manufactured by varying the compaction load. Furthermore, a detailed morphological
characterization of four two-layer cathodes is carried out, which allows us to compare single-layer
electrodes with two-layer electrodes in a quantitative manner. Finally, in Section 6, the paper is
concluded by a summary of the achieved results and an outlook to possible future research.
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2. Experimental

This section describes the material composition and production process of the cathodes investigated
in this paper and continues with a description of the imaging method that enables us to perform
a quantitative analysis of the electrode morphology.

2.1. Cathode materials and sample preparation

We consider three sample sets of cathodes, denoted by A, B and C, respectively. The �rst sample
set is given by eight di�erently compacted thin cathodes, which will be denoted by A1,..., A8.
Note that larger indices correspond to a higher degree of compaction, i.e., A1 corresponds to the
uncompacted sample, while A8 denotes the cathode manufactured with the highest compaction
load. A detailed description of the manufacturing process of these electrodes is presented in [47],
whereas the quantitative in
uence of the compaction load on their 3D microstructure has been
investigated in [18]. In general, all three sample sets share the following material composition:
92 wt% of LiNi1=3Co1=3Mn1=3O2 as active material, carbon black (2 wt%) as well as graphite (2
wt%) as conductive additives and polyvinylidene 
ouride (4 wt%) as binder. The coated and dried
uncompacted electrode from this production process, which will be referred to as single coated
cathode, is used as starting point for the manufacturing of the thick and two-layer electrodes,
which will be described in the following.

The second sample set consists of nine thick cathodes. They are denoted by B1; :::;B9, analogous
to sample set A, i.e., the degree of calendering increases from B1 to B9. To manufacture the thick
electrodes, the single coated cathodes are coated a second time with the same wet �lm thickness.
Thus, they could also be referred to as double coated. The coating process is thus simply repeated
on the single coated cathode, followed by a second, identical drying process. The densi�cation of
the cathode electrodes to the appropriate densi�cation levels takes place with a laboratory calen-
der (MTI Corporation, MSK-HRP-MR100B). Circular cathode samples are then cut from these
electrode sheets using a die cutter (MTI Corporation, Compact Precision Disc Cutter MSK-T-07).

The third sample set is composed of four two-layer cathodes denoted by C1; :::;C4. In each case,
the �rst layer (i. e. the layer contacting the current collector), which is also called bottom layer,
is 56µm thick, whereas the thickness of the second layer (also called top layer) is 84µm (C1), 73µm
(C2), 65µm (C3) and 60µm (C4), respectively. For the production of the two-layer cathodes, the
single coated cathodes are calendered to the target compaction of the bottom layer. This is followed
by another coating process to produce the top layer on the compacted bottom layer. Next, the two-
layer electrodes are dried again. The compaction of the top layer to the appropriate compaction
levels (grading of porosity), is again carried out with the laboratory calender. The circular cathode
rods samples are then cut from these electrode sheets using the die cutter.
With regard to all samples described above, the electrode density is determined by measuring the
thickness of each sample, using a micrometer caliper (Mitutoyo), and dividing it by its respective
weight. The volume fraction of the di�erent solid materials are then computed using the known
material composition and is used later during the image segmentation process.
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2.2. Tomographic imaging

The samples described in Section 2.1 have been measured by synchrotron tomography at the
X-ray facility BAMline (BESSY II, Berlin, Germany) [48], which allows for non-destructive, high-
resolution 3D images of the electrode microstructure. The synchrotron beam was generated with
a wavelength shifter and monochromatized with a double multilayer monochromator to an energy
of 30 keV (two-layer electrodes) and 25 keV (thick cathodes), respectively. After transmitting the
sample, the monochromatic X-rays were converted into visible light with aCdWO4 scintillator. The
optical set-up provided a 10 times magni�cation and the image was detected with a CCD camera
PCO4000 with 4008� 2672 pixels. A 1:7 � 1:2 mm2 �eld of view was captured with a pixel size of
438 nm. For each tomography, 2200 radiograms over an angular range of 180° were captured with
an exposure time of 2 s. The reconstruction was calculated using \gridrec" [49], an implementation
of the �ltered back projection algorithm.

3. Processing of image data

The statistical analysis of the image data described in Section 2.2 is based on di�erent microstruc-
ture descriptors that can be split into two groups, namely phase-based and particle-based descrip-
tors. For this purpose, the image data is segmented into the following three phases: 1) Active
material, 2) pores, and 3) the phase consisting of binder and conductive additives, which will be
called binder-additive phase in the following. In addition, a particle-based segmentation is per-
formed, which allows us to distinguish individual active particles from each other. First of all, the
raw grayscale images have to be aligned and some samples need to be rotated and straightened.
The proper alignment is carried out by creating a binary mask and computing the shift between
the centroids of each slice of that mask. The shift-vectors created in this way are smoothed by the
built-in Matlab function \smoothdata" with the robust local regression method [50]. Finally, the
slices are shifted in such a way that the smoothed centroids are aligned, where trilinear interpo-
lation is used to properly handle non-integer shifting values [51, 52]. To straighten the samples,
an approach based on polynomial regression is used as described in [53]. From this point on, the
3D image data is orientated such that the current collector foil is parallel to thex-y-plane of the
coordinate system. The so called through-plane direction along the z-axis starts at the \separator
side" and ends at the current collector, or vice versa. Note that the separator is not part of the
samples and thus not visible in the tomographic image data. The through-plane direction is of
particular importance since it is the main direction of ionic and electrical transport.

3.1. Phase-based segmentation

In order to compute the phase-based descriptors without edge e�ects, the image data is cropped to
a reasonably sized cuboid and segmented into active material phase, pore space and binder-additive
phase. Since there is no discernible contrast between pore space and binder-additive phase due to
the similar linear attenuation coe�cients of air and the carbon-based binder-additive phase, �rst
the active material phase is separated from the phase consisting of binder, conductive additives
and pores (in the following called the bap-phase) by applying a global threshold� > 0 [51, 54].
The value of� is chosen such that the volume fraction of active material computed by means of 3D
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image data matches the one determined from the material composition and the density of the cath-
odes. Finally, minor binarization artifacts are removed by eliminating unreasonably small clusters
of active material as well as bap-phase using the Hoshen-Kopelman clustering algorithm [55]. Note
that this post-processing step has no signi�cant in
uence on the volume fractions of active material
and bap-phase. Furthermore, this step will facilitate the particle-based segmentation performed
later on.

From the binarized image data, the thickness of the cathode samples is computed by means of
the rolling-ball approach [56], which is based on a morphological closing using a sphere as struc-
turing element [57, 58, 59]. This allows us to compare the experimentally measured thickness to
the microstructure thickness computed from the 3D image data. As can be seen in Table 1, in
general there is a high agreement between the results obtained from experiment and image data.
Furthermore, the slight underestimation of the measured thickness might be caused by the sample
preparation, which might lead to a further minor compaction of the electrodes.

sample number 1 2 3 4 5 6 7 8 9

sample set A
experimental / µm 80 61 57 54 52 51 50 49
image data / µm 72 60 56 52 52 50 49 47

sample set B
experimental / µm 183 151 116 107 99 97 95 93 91
image data / µm 171 144 119 105 99 95 92 89 88

sample set C
experimental / µm 140 129 121 116
image data / µm 129 121 114 110

Table 1: Thickness of cathode samples computed from the respective image data, together with the corresponding
thickness obtained by experimental measurements.

In the next step, the observation window is split into ten cutouts, each with (in-plane) length and
width of 500 voxels. In through-plane direction the whole thickness of the observation window is
kept, since, as mentioned before, this is the main direction of ionic and electrical transport in the
cathodes. Figure 1 shows 3D renderings of such cutouts for a selected cathode of each sample set
and two di�erent compaction loads. The remaining image processing steps and the computation of
microstructure descriptors are carried out using those cutouts to keep the computational costs low.
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