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Abstract
A possible way to increase the energy density in lithium-ion batteries, and, at
the same time, reduce the production costs, is to use thicker electrodes. However, transport limitations can occur in thick electrodes, leading to a drawback in
performance. A way to mitigate this problem is a more sophisticated microstructure of the electrode, using, e.g., structural gradients. This can, for instance,
be achieved by multi-layer casting, i.e., casting and drying of a first layer, and
then adding a second layer. An important question is how the interface between
the two layers is shaped and how the corresponding microstructure influences
the electrochemical performance. In the present paper, two different two-layer
cathodes are analyzed and compared to single-layer cathodes of the same thickness. The analysis involved tomographic imaging, a statistical analysis of the
3D microstructure of the active material particle systems with a focus on the
interface between the layers, and electrochemical characterization of the active
material systems using experimental measurements as well as electrochemical
simulations. The analysis showed that at the interface the connectivity of active
material particles decreases, which results in higher electric resistivity. This ef∗ Corresponding
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fect is stronger if an intermediate calendering step is performed, i.e., the first
layer is calendered before casting the second layer.
Keywords: lithium-ion batteries, multi-layer electrodes, microstructure,
tomography, image analysis

1. Introduction
Because of their high energy density, lithium-ion batteries are widely used
for energy storage in various applications ranging from mobile devices to electric
vehicles [1]. However, for a breakthrough in the automotive sector, the energy
5

density is still too small while processing costs are high [2]. A way to increase
the energy density while lowering the production costs at the same time is to
use thicker electrodes, see [3] and the references therein. On the other hand,
thicker electrodes can lead to charge transport limitations due to longer transport pathways [4]. As it is well-known that the microstructure of electrodes
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strongly influences their performance (see, e.g., [5]), a possible way to overcome
this problem is to use more sophisticated electrode microstructures, which, on
the one hand, have high energy densities due to a high volume fraction of active material, but, on the other hand, provide sufficient transport pathways [6].
One method that can be used to achieve such structures is multi-layer casting,
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where, after casting and drying of a first layer, a second layer is added, see
[7]. Modern tomographic imaging methods render it possible to analyze the microstructure of battery electrodes in detail [8] and even in operando [9], which
is an important input for modeling approaches. Several modeling papers review
the potential of graded porosity in Li-ion battery electrodes [10, 11] but only
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moderate improvements in capacity and energy density were reported. However,
it was shown that graded electrodes are able to produce a more homogeneous
potential distribution which is supposed to reduce the degradation of the electrode [12, 13]. In [14], it is shown how a two-layer cathode using different active
materials improves the safety of the battery.
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A possible tool for further investigations of the electrochemical properties
of multi-layer electrodes is to use stochastic 3D microstructure modeling [15] in
combination with spatially resolved transport models [16], as it has for example been done to investigate the detrimental effects of the so-called Li plating
2

in conventional graphite negative electrodes [17]. A stochastic microstructure
30

model for single-layer electrodes has, e.g., been developed in [18]. In principle, it is possible to generate virtual multi-layer structures with such a model,
which, e.g., exhibit a different particle size distribution in the first and second
layer, respectively. However, also the microstructure at the interface between
the individual layers has to be taken into account. Thus, a microstructural anal-
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ysis of the interface as well as an investigation of its effects on electrochemical
properties of the electrode is in the focus of the present paper.
Two different two-layer cathodes as well as two single-layer cathodes with
different densities were considered. The first two-layer cathode was processed
without individual calendering of the first layer, while intermediate calendering
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of the first layer was performed for the second cathode before casting the second
layer, see [19] for effects of calendering on the resulting electrodes. Note that,
as the focus of the present paper is on the effect of the interface between the
two layers, but not on how to design the individual layers to achieve an optimal
performance, no further variation of the design of the top and the bottom layer
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were performed. Electrochemical characterization of the active material was
performed and 3D reconstructions were gained using tomographic imaging. By
the aid of image analysis, the microstructural effects on the interface between
the layers were analyzed and compared to apparent electronic resistivity gained
by experiments. It turns out that, at the interface between the layers, particle
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sizes as well as their connectivity are decreasing, which is in accordance with the
higher apparent electronic resistivity (compared to the single-layer electrodes)
observed in experiments.
The paper is organized as follows. In Section 2.1, the preparation of singlelayer and two-layer electrodes is described. Electrochemical characterization is
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described in Section 2.2. A description of the measurement of apparent electronic resistivity is provided in Section 2.3. Details on tomographic imaging
are given in Section 3.1, and further processing steps of the image data are explained in Section 3.2. The analysis of image data is described in Section 3.3.
Conclusions are drawn in Section 4.

3
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2. Performance analysis of single- and multi-layer cathodes
2.1. Manufacturing of electrodes
Positive electrodes were prepared by dispersing the active material
Li[Ni1/3 Co1/3 Mn1/3 ]O2 (NCM 111, Toda America), hereafter called NCM, conductive graphite additive (SFG6L, Timcal), and carbon black (SuperPLi, Tim-
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cal) into a solution of polyvinylidene fluoride binder (Solef P5130, Solvay Solexis)
in N-Methyl-2-pyrrolidone (NMP, Honeywell). The ratio of NCM, graphite, carbon black and binder was 91:2.5:2.5:4 by weight. Note that this ratio is approximately in accordance with common literature values, see [20]. We increased
the ratio of NCM due to the desired application in high energy cells. Two dif-
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ferent types of carbon have been used to combine their different advantageous
properties [21, 22], see also [23] for methods to investigate the distribution of
carbon black in the electrode.
The resulting suspension was cast in one or two steps onto an aluminum
foil (20 µm, Korff) to result in single-layer or two-layer composite electrodes,
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respectively. After casting each layer, the corresponding sample was dried at
60◦ C for two hours and subsequently at 80◦ C overnight to evaporate the solvent.
The electrode composites were densified using a calender (Summit) at 100◦ C.
Four differently structured samples of electrodes were prepared, a two-layer
electrode with one final calendering step (sample 1), a two-layer electrode with
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an intermediate and a final calendering step (sample 2), a single-layer electrode
with low density (sample 3) and a single-layer electrode with medium density
(sample 4). The mass loading of each electrode ranges between 19 and 21
mg/cm2 , which corresponds to the upper range of commercially relevant mass
loadings used in state of the art lithium-ion cells. Circular blanks with an area
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of 1.131 cm2 were punched from the samples to determine thickness and mass
loading of the electrodes. Thickness of the electrodes and the aluminum foil were
measured with a micrometer screw (Mitutoyo). Mass loading was determined by
dividing the mass of the blanks of each electrode reduced by the mass of blanks
of the aluminum foil by the area of the blanks. For the two-layer composite
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electrodes, measured values of mass were collected after the preparation of the
first layer to obtain the mass loading of the first layer and after preparation of the
second layer to obtain the mass loading of the overall composite, respectively.
4

number of layers
intermediate calendering
thickness whole composite in µm
mass loading layer 1 in mg/cm

2

mass loading whole composite in mg/cm2
overall density of composite in g/cm

3

sample 1

sample 2

sample 3

sample 4

2

2

1

1

no

yes

no

no

73.2

79.8

72.8

73.2

6.5

8.08

18.9

19.9

19.5

21.2

2.58

2.49

2.67

2.89

Table 1: Properties of the four samples of single-layer and two-layer electrodes.

The overall density of the electrode composite of each sample was calculated
from their mass loading and thickness, respectively. Each value was determined
95

from the average of at least four measured values. An overview of the samples’
properties is given in Table 1.
2.2. Electrochemical characterization
The performance of final battery electrodes is mainly determined by their
microstructure and the electrochemical properties of the active material. In
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order to provide a holistic description of the material system, in this section
we address the electrochemical characterization of the active material. Furthermore, the electrochemical information in combination with the tomographic
image data can be used as input for microstructure resolved simulations on the
electrode scale which is a versatile tool for the development of novel electrode
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designs.
Open circuit voltage (OCV) measurements were performed using Swageloktype cells in a three electrode arrangement. Thin electrodes with a thickness
of the composite of 18 µm were used in this study in order to reduce mass
transport limitations in the electrolyte. Preparation of these electrodes was
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performed analogously to the procedure described in Section 2.1. Cells were
assembled in an argon-filled glove box, metallic lithium (Alfa Aesar) was used
as the counter and the reference electrode, respectively. A piece of glass microfiber (Whatman, GF/A) was used as separator and 1 M LiPF6 in EC/EMC
in the weight ratio of 3:7 with 2 wt% VC (UBE Industries, Japan) was used
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as electrolyte. Electrochemical data was collected at 25◦ C using a BaSyTec
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Figure 1: Left: OCV and chemical diffusion coefficient of lithium in NCM determined by
constant-current & potential-relaxation experiments. Right: Corresponding characteristic
voltage response for delithiation experiments including simulations of the experimental setup.
Dots show experimental values, lines show the corresponding simulations.

workstation, where all given potentials are referred to Li/Li+ . The cells were
discharged to a cut-off voltage of 3.0 V with a constant current rate of C/10
and rested for 2 h to obtain the OCV related to a state of charge (SOC) of
0% (x ≈ 1 in Lix [Ni1/3 Co1/3 Mn1/3 ]O2 ), with SOC = Qres /Qmax , in which Qres
120

represents residual capacity of the cathode, and Qmax is the maximum available
capacity obtained with a current rate of C/10. Then the battery was charged in
steps of 10% SOC at a C-rate of C/10, each time followed by a relaxation period
of 2 h to gain the respective OCV until a cut-off voltage of 4.3 V was reached,
which corresponds to SOC = 100% (x ≈ 0.45 in Lix [Ni1/3 Co1/3 Mn1/3 ]O2 ). The
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near zero slope of the voltage signal at the end of each step (Figure 1, right)
indicates that all processes in the cell are close to equilibrium after the 2 hours
rest time. The same procedure was repeated for stepwise discharging and from
this data, values of OCV as a function of SOC were collected for lithiation and
delithiation. Figure 1, left, shows the corresponding OCV curve as a function
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of Li content in NCM. In our measurements we observed a minor hysteresis
between lithiation and delithiation of the material which exceeds the standard
deviation of 1 mV determined on two different samples. The total capacity
of the material during one lithiation and delithiation experiment in the voltage
window between 4.3 and 3.6 V was 155.6 mAh/g. Furthermore, the character-
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istic voltage relaxation signal provides additional information on the transport
processes in the cell. The chemical diffusion of Li which equilibrates the concen-

6

tration distribution on the particle scale determines the potential relaxation at
long rest times. The particle size distribution was determined by laser diffraction on a Mastersizer MICRO analyzer from Malvern Instruments Ltd, where
140

we used the medium particle diameter D50 =10.18 µm to determine the chemical diffusion coefficient of Li in NCM following the methods proposed for the
Galvanostatic Intermittent Titration Technique (GITT) [24, 25]. The resulting
chemical diffusion coefficient of Li in NCM is shown in Figure 1, left. The results
are in agreement with diffusion coefficients measured by GITT on similar NCM
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materials [26]. Finally, we determined the mean kinetic constant i00 = 3.34·
10−7 A m2.5 mol−1.5 of the de-/intercalation reaction by fitting a pseudo-2D
(P2D) continuum model [27] to the first 100 s of the constant-current phase
measurements. In this initial stage concentration gradients in the electrolyte
and active material are still minor and the main processes affecting the volt-
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age response of the electrode are ohmic losses in the electrode and electrolyte
as well as the activation overpotential of the intercalation reaction. Estimates
for the conductivity of the electrode and electrolyte are provided by the measurements stated in Section 2.3 and data published in the literature [28]. A
brief description of the P2D model along with simulation parameters is given
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in Appendix A. The full voltage signal of representative constant-current and
potential-relaxation cycles during a delithiation measurement are shown in Figure 1, right. The results of simulations which are parameterized based on the
morphological parameters of the active material powder (D50 ) and the electrochemical data extracted from the measurements as described above (OCV,
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DLi , i00 ) are in reasonable agreement with the measurements during both the
constant-current and potential relaxation phase. This indicates a reliable determination of the key physical parameters which are needed as input for advanced
simulations on a microstructural level.
2.3. Analysis of apparent electronic resistivity
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Apparent electronic resistivity of the dry electrodes was measured by using an in-house developed experimental setup. The method is able to measure
the electronic resistivity along the cross-section of an electrode [29, 30]. The
experimental setup is shown in Figure 2. The measurement was made in an
argon filled glove box to eliminate the influence of humidity on electrical propri7

Figure 2: Experimental setup used for measuring the electrodes’ electronic resistance.
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eties of the electrodes. A disk shaped electrode with a diameter of 12 mm was
placed between two gold coated probes and pressed with a constant force. The
lower probe had a diameter of 2 cm and the upper probe was a pogo-pin with
a diameter of 6.5 mm. A plane-parallel alignment of the probes was achieved
by the spring of the pogo-pin. The difference in diameters of the probes was
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eliminating the need to very carefully center the electrode.
A sourcemeter (Keithley Instruments Model 2400) with four wires arrangement was used to supply the direct current I and to measure the voltage drop
U on the sample. The apparent resistivity ρ was calculated via
ρ=

R·A
,
t

where R = U /I is the calculated resistance, A is the apparent contact area
corresponding to the area of the upper probe and t is the effective electrode
coating thickness. The absolute value of the electrodes’ resistivity cannot be
measured with this method, because it cannot eliminate the influence of contact
180

resistance at the probe/electrode interface. Still, it allows for a qualitative
comparison of the different electrode samples.
The apparent resistivity of the electrodes is shown in Figure 3. The error
bars represent one standard deviation. Three different measured values were
taken for each electrode. Note that the higher standard deviation of the elec-
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tronic resistance measurements in case of sample 1 is most probably arising
from its inhomogeneous compressibility due to its preparation (no intermediate
calendaring). The electrode compressibility is an important parameter of the
8

resistivity / Ω cm

100

75

50

25

0
sample 1

sample 2
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Figure 3: Apparent resistivity of the electrodes.

LiB electrodes and should be a topic of future investigations. Even with the
higher standard deviation, the resistivity of sample 1 is comparable with sam190

ple 2 value and significantly higher than resistivity of sample 3 and sample 4.
Thus, the single-layer electrodes show a lower resistivity in comparison with the
multi-layer electrodes. These differences can be explained by contact resistance
of the interface between the layers. In Section 3.3, structural characteristic that
can lead to such a contact resistance are discussed in detail.
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3. Microstructural image analysis
3.1. Tomographic imaging
In order to analyze microstructural properties of the active material particle
system (which we will shortly denote by “active particle system” in the following), tomographic imaging was performed at the synchroton X-ray facility
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BAMLine (BESSY, Berlin, Germany). A Si-W multilayer monochromator was
used to produce a monochromatic X-ray beam with an energy of 25 keV and
an energy resolution of ∆E/E = 10−2 . A cadmium tungstate scintillator screen
converted the X-rays into visible light. The optical lens system in combination
with a CCD-camera (PCO camera, 4008 x 2672 mm2 ) covered a field of view of
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1.8 x 1.2 mm2 . The pixel size of the system was 446 nm in all dimensions. The
exposure time was 2.5 seconds and over an angular range of 180◦ a number of
2200 projections were measured. The procedure resulted in a 16-bit grayscale
image for each of the four samples.

9

3.2. Processing of image data
210

A first step for further analysis of the tomographic image data was its binarization, i.e., to convert the grayscale images to binary images showing the
active particle phase. Note that the conductive graphite, carbon black and
binder are not visible in the grayscale images due to the low contrast of the
corresponding materials. In [31], it was found that the distribution of binder

215

has a strong influence on the resulting tortuosity of the electrode, see also [32]
for the effects of tortuosity. Thus, the further structural analysis focuses on
properties of the active particle system, and structural characteristics of this
system are compared to the electronic resistivity. Note that conductivity in
lithium-ion battery cathodes is strongly influenced by carbon black. However,
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this additive is typically located around the particles [33]. Therefore, it is reasonable to assume that the arrangement of particles and their connectivity play
an important role for electronic conductivity / resistivity.
From the weight ratio of the materials given in Section 2.1 and the corresponding densities as well as the density of the whole electrode, we can compute
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the expected volume fraction of the active material in the tomographic images.
The images were binarized by global thresholding, i.e., every voxel the gray
value of which is greater than or equal to some threshold τ was assigned to the
particle phase, and the remaining voxels were assigned to the complementary
phase. For sample 4, a volume fraction of the active particle phase of 57.1% was
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calculated from the weight ratio of the materials given in Section 2.1. Considering a sufficiently large cutout of the grayscale image, a value of τ = 41129 was
found to match this volume fraction. A comparison of a cutout of a 2D slice
from the grayscale image stack of sample 4 with the corresponding binarization
can be found in Figure 4. The same threshold was then used to binarize all four
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images.
A problem for further processing and analysis of the data is that the layers
can be slightly twisted, see Figure 5, top. Therefore, the layers were straightened
by fitting a polynom of degree 5 × 5 to the particle voxels on the bottom of the
layer, and shifting each bottom voxel down by the distance to the minimum
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value of this polynom. A resulting straightened layer can be found in Figure 5,
bottom. From this visualization, it can be seen that the spatial arrangement

10

Figure 4: Top left: Cutout of a slice of the grayscale image of sample 4. Top right: Binarization, where gray color corresponds to the active particle phase. Bottom: Segmentation of
individual particles labeled in different colors.

11

Figure 5: Top: 2D cross-section of sample 1 after binarization. Bottom: Same slice after
straightening of the layer.

of particles to each other is not disturbed, but the whole layer is straightened.
Additionally, it has been checked that no structural changes occur by comparing
image characteristics of a reasonable cutout of the unstraightened layer with
245

those of cutouts from the straightened layer.
For each of the four samples, we took three distinct cutouts out of the
whole stack. These cutouts were used for further analysis. Each cutout has a
horizontal extension of 500 × 500 voxels, corresponding to 223 × 223 µm. To
facilitate further processing, holes within particles were closed using a cluster
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detection algorithm [34].
In order to investigate particle-based characteristics, a segmentation of individual particles was performed. This is typically done using the watershed
algorithm, see [35] for an overview. We used an extended version that has been
proposed in [36], with an additional postprocessing that has been introduced in
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[37] to remove small segments induced by oversegmentation. Moreover, particles with a size of less than 9 voxels are considered as artefacts and removed. A
segmented cutout from sample 1 is shown in Figure 6, top. A comparison of a
2D slice with the corresponding grayscale image is provided in Figure 4, right.
As supplementary information, a comparison of a whole grayscale image stack
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with the corresponding segmentation is provided.
Finally, for the analysis of the active particle systems, a so-called connectivity graph was extracted from each segmented image. The connectivity graph
contains the particles’ barycenters as nodes, and an edge was put between two
nodes if the corresponding particles are in contact. A visualization of the graph
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can be found in Figure 6, bottom.

12

Figure 6: Cutout of sample 1. Top: Active particle phase segmented into individual particles
(shown in different colors). Bottom: Connectivity graph of the particle system. Black lines
connect centers of particles (orange spheres) which are in contact.
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3.3. Analysis of morphological properties
The preprocessing steps described in Section 3.2 resulted in three segmented
cutouts for each of the four samples as well as corresponding graphs describing
connectivity of particles. To begin with, we compared the volume fraction of the
270

active particle phase of the segmented images to the one that has been calculated
from the weight ratio of the materials that is known from the manufacturing
process. In Figure 7, top left, it can be observed that for sample 4, which has
been used for fitting the threshold τ , the volume fraction of the active particle
phase in the three cutouts approximately matches the one calculated from the
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weight ratio of the materials. For sample 3, the volume fraction is slightly
larger than the one calculated from the weight ratio of the materials, however,
for samples 1 and 2, on which the further analysis mainly focuses, again a quite
good accordance can be observed.
An important characteristic for the analysis of local effects at the interface
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between the two layers in sample 1 and 2 is the local volume fraction in dependence of the distance to the current collector foil. Therefore, we computed the
volume fraction of each slice of the image stack. This characteristic is prone to
boundary effects, because the top and bottom of the electrode are not totally
smooth, leading to smaller local volume fractions at the boundaries. Therefore,
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the first slice we considered for each cutout is the one where the overall volume
fraction of the active particle phase has reached up to 0.005%. In order to enhance comparability between different cutouts and samples, we define this slice
to have zero distance to the bottom of the electrode, and computed the distance
to this slice for the further slices. We did not consider slices any more after the
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one where the considered volume fraction is reached the last time when going
through the stack. The results can be found in Figure 7, top right. The shaded
areas show the (pointwise calculated) standard deviations, solid lines show the
mean values per sample. We find that the local volume fraction is almost constant for samples 3 and 4, however, for samples 1 and 2, a decrease of the volume

295

fraction can be observed approximately 25 µm after the first considered slice of
each stack. This effect is more pronounced for sample 2, where an intermediate
calendering step was performed before casting the second layer. The observed
decrease in volume fraction at the interface corresponds to the local distribution
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Figure 7: Structural characteristics of the active particle systems in the four different electrodes: Top left: Volume fraction of active particle phase. Dots show results for the three
cutouts per sample, lines show the computed volume fraction from weight ratios of the corresponding materials. Top right: Local volume fraction in dependence of the distance to the
collector foil. Bottom left: Mean particle size in dependence of the distance to the collector
foil. Bottom right: Mean number of adjacent particles per particle in dependence of the distance to the collector foil. The shaded areas show the pointwise standard deviations of the
curves, solid lines show the mean values per sample. The origin of the x-axis has been shifted
for each cutout as described in Section 3.3 to enhance comparability.
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of particle sizes, see Figure 7, bottom left. Here, the mean particle size is shown
300

in dependence of the distance to the first slice, where the x-axis is shifted by the
same value for each cutout as for the local volume fraction. The curves have
been determined using kernel smoothing based on the Nadaraya-Watson estimator [38] with a bandwidth of h = 5 µm. Additionally, an edge correction has
been performed to exclude particles that are not fully contained in the sampling
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window. We find that particle sizes seem to decrease slightly from bottom to
top for samples 3 and 4, however, for samples 1 and 2, we observe distinctly
smaller particle sizes at the interface between the two layers, where this effect
is again more pronounced for the electrode with intermediate calendering. Note
that both effects, the lower volume fraction at the interface and smaller particle
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sizes, can also be observed in the stack of grayscale images, which is given as
supplementary information. Moreover, note that the oscillations of the curves
also for single-layer electrodes are likely to be explained by the fact that approximately spherical particles are “packed” in a cubic sampling window. In [39],
effects on the local volume fractions have been considered for packings of equally
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sized spheres in containers, and damping oscillations with increasing distance
to the container wall are observed. For the battery electrodes under considerations, this effect is less pronounced because the particles are no perfect spheres
and have different sizes, which leads to less regular oscillations. Moreover, the
oscillations are smoothed by averaging over three samples. This is likely to
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explain the irregular osscilations of the curves in Figure 7. Finally, the connectedness of the particle systems was analyzed, which is a measure for the apparent
electronic resistivity of the electrode samples. Using the connectivity graph, the
extraction of which has been described in Section 3.2, we computed the number
of particles which each particle is in contact with. We call this value the coordi-
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nation number of the particle. A corresponding plot can be found in Figure 7,
bottom right, using the same shifting and bandwidth for kernel smoothing as
described above. We find that the mean coordination number decreases slightly
at the interface between two layers. Note that, in contrast to the mean particle size, this decrease is not compensated in the second layer, but the mean
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coordination number settles down after the decrease.
To summarize, we find that at the interface between two layers, the volume

16

fraction of active material as well as the mean size of particles is smaller than
within the two layers. This effect is more pronounced for the electrode with an
intermediate calendering step, and in both cases ultimately leads to a loss in
335

connectivity of the particle system. This is in agreement with the experimental
results discussed in Section 2.3. Thus, we conclude that the microstructural
effects at the interface between the two layers have a strong influence on electrochemical properties, namely the apparent electronic resistivity.

4. Conclusions and outlook
340

Microstructural and electrochemical effects in multi-layer electrodes are investigated. Four different samples were prepared and electrochemically characterized. Tomographic images were gained, based on which a microstructural
analysis was performed. The comparison with single-layer electrodes shows that
in two-layer electrodes, microstructural effects at the interface between the two
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layers limit electrochemical processes. It turns out that the volume fraction
of active material as well as average particle sizes and their connectivity with
each other is decreasing, which, in turn, limits apparent electronic conductivity. Note that the main focus of the present paper is on the interface between
the layers, and that different designs of the individual layers might compensate
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this negative effect at the interface, leading to an overall better performance of
multi-layer electrodes.
From the analysis presented in this paper, it can be concluded that, when
using multi-layer electrodes to improve electrode performance in lithium-ion batteries, special attention has to be paid to the interface between the layers and
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preparation techniques that limit negative structural features have to be developed. On the one hand, structural differences at the interface can be explained
by mechanical reasons, i.e., the alignment of particles in the supsension that is
casted on an already dried first layer. However, also the drying process itself
might influence the distribution of binder, carbon black and conductive graphite.

360

In future work, it would be interesting to focus on the spatial distribution of
these additives, which are not visible using the tomographic imaging procedure
described in the present paper. E.g., in [40], the usage of multi-layer electrodes
with a different amount of binder in the slurry for the top layer than for the
17

bottom layer resulted in a preferable binder distribution in the overall electrode.
365

Besides that, it is worth to analyze how different calendering procedures influence particle connectivity at the interface between the layers. Moreover, the
results give valuable information on how to simulate the interface between the
layers for model-based simulations of electrochemical properties based on the
combination of stochastic 3D microstructure modeling with spatially resolved

370

transport models, as it has e.g. been done in [41].
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Appendix - P2D model
In this work we use the well established P2D model derived by Doyle et al.
[27] for a battery cell consisting of a porous electrode made of spherical particles
with radius Rp , a porous separator, and a lithium metal anode. The purpose
of this appendix is to summarize the governing equations and parameters. A
detailed discussion and explanation can be found in the original research paper.
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In this work we additionally assume isothermal conditions and fix the temperature in the cell to T = 298 K. In the P2D model the temporal evolution of the
volume averaged lithium ion concentration ce in the electrolyte is described by
the mass balance of lithium ions


tLi+ ie
∂εe ce
∂
av ise
β ∂ce
=−
−De εe
+
+
,
∂t
∂x
∂x
F
F

(1)

where εe is the electrolyte volume fraction, De the diffusion coefficient of lithium
ions in the electrolyte, β the Bruggeman coefficient as a measure for the tortuosity of the electrode, tLi+ the transference number of lithium ions, ie the ionic
current in the electrolyte, F the Faraday constant, av = 3εe /Rp the volume
specific surface area, and ise the Faradaic current of the intercalation reaction.
The ionic current in the electrolyte is given by
ie = −κεβe

∂ce
∂φe
− κD εβe
,
∂x
∂x

(2)

with the ionic conductivity of the electrolyte κ, the electrochemical potential of
lithium ions in the electrolyte φe and the so-called diffusional conductivity


2κRT (tLi+ − 1)
∂lnfLi+
κD =
1+
,
(3)
F ce
∂lnce
where 1+

∂lnfLi+
∂lnce

is the so-called thermodynamic factor, and R the universal gas

constant. Based on the assumption of electro-neutrality charge conservation in
the electrolyte follows as
0=−

∂ie
+ av ise .
∂x

(4)

The second term on the right hand side describes the exchange of charge (&
also mass cf. Eq. (1)) due to the de-/intercalation of lithium ions in NCM and
the deposition on the Li metal electrode
Li+ + e− *
) Li .

(5)

The reaction rate at the NCM positive electrode is described by the ButlerVolmer equation





αF
(1 − α)F
ica
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i
exp
η
−
exp
−
η
0
se
RT
RT





αF
(1 − α)F
α α max
1−α
= ica
c
c
(c
−
c
)
exp
η
−
exp
−
η
,
s
00 e s
s
RT
RT
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(6)

where i00 is the exchange-current density, cs and cmax
are the local and maxis
mum lithium concentration in the active material, α is the symmetry factor of
the transition state, and η = φs − φe − U0 (cs /cmax
) the overpotential driving the
s
electrochemical reaction. The open circuit voltage U0 depends on the lithiation
of the active material and was in this work determined to
U0 (SOC) = 5.2652 − 6.9654 SOC + 5.5261 SOC1.2603 −

(7)

1.7756 · 10−8 exp (132.6405 SOC + −114.2593) − 0.1173 SOC−0.4166 .
At the lithium metal anode a constant exchange-current density of 1 mA/cm2
[42] is assumed, reducing the expression of the deposition rate to


0.5F
an
ian
=
2
i
sinh
(φ
−
φ
)
.
s
e
se
00
RT

(8)

The capacity of the cell is determined by the amount of lithium which can be
stored in the active material. The de-/intercalation of lithium ions at the particle
surface (Eq. (6)) and transport in the particles by diffusion Ds is described by


1 ∂
∂cs
∂cs
2
=− 2
−r Ds
.
(9)
∂t
r ∂r
∂r
Transport of electrons in the solid electrode phase is modeled by Ohm’s law


∂
∂is
v
eff ∂φs
− a ise = −
−σ
− av ise ,
(10)
0=−
∂x
∂x
∂x
where σ eff is the effective conductivity of the electrode. The equations are discretized in space by a finite volume method. The resulting system of differential
algebraic equations is solved in Matlab using ode15s. All model parameters are
535

summarized in Table 2.
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NCM

Separator

Electrolyte
c0e / mol m−3

1000 [28]

−1

κ/Sm

0.951[28]

tLi+ / -

0.253 [28]

De / m2 s−1

3.76 · 10−10 [28]
1.99 [28]

(1+lnfe /∂lnce ) / β/-

1.5

1.5

Electrode
σ eff / S m−1

0.6

Ds / m2 s−1

≈ 1.3 · 10−15 (this work)

Kinetics
i00 / A m2.5 mol−1.5
U0 / V

3.34 · 10−7 (this work)

-

Eq. 7 (this work)

-

0.5

-

36027 (this work)

-

18

780

1.13

1.5394

α/cmax
s

−3

/ mol m

Geometry
Thickness / µm
2

Area / cm
Rp / µm

5.09

-

εe / -

0.435

0.9

εNCM / -

0.455

-

εFiller / -

0.058

0.1

εPVDF / -

0.053

-

Table 2: Simulation parameters of the P2D model determined on thin film cells.
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