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1. Introduction

In the whole field of mobile applications and especially in the
automotive sector, lithium-ion batteries have gained serious
importance during the last two decades. Due to both, sustainabil-
ity reasons and customer requirements, it is essential to keep the
batteries small and lightweight and exchanges of batteries or
even whole devices as low as possible. Thus, it is important to
refine the cell configurations to enhance the battery performance
and lifetime, which is so far mostly advanced with regard to the

electrochemical behavior to increase the
energy and power density.

The impact of the thermal behavior of
battery cells is still often neglected,
although it has a huge influence on the per-
formance and aging of batteries.[1–5]

Optimizing the thermal material properties
can decelerate aging and improve the per-
formance of batteries.[6]

To do so, the effects of design changes
on the cell behavior have to be known,
meaning that we need to understand the
impact of different influencing factors,
e.g., the microstructure of the electrodes
and according defects, on the thermal
behavior of the battery cells. This concerns
both the absolute cell temperature and
the temperature distribution within the
cell. For this, the significant impact
factors on the thermal behavior—density,

specific heat capacity, and thermal conductivity—, which are
highly impacted by the material composition andmicrostructure,
need to be known. High values of the product of density and spe-
cific heat capacity imply a slow temperature response and thus
only a slight increase of the temperature during peak loads. High
thermal conductivities result in lower temperature gradients as a
lower temperature difference along the cell is needed to conduct
the same amount of heat out of the system.

As shown by several authors, the aging is excessively acceler-
ated by large temperature gradients perpendicular to the
electrodes.[1,7] Thus, a thermal conductivity as high as possible
should be obtained and contact resistances between the layers
should be minimized.

A lot of research was done on the determination of the thermal
conductivity of the single components of battery cells from graphite
anodes over separators to cathodes with different active materials.[8–12]

A comprehensive overview was given by Steinhardt et al.[13]

Realistic values of density, specific heat capacity, and thermal
conductivity are needed for the parameterization of thermal
battery models, which are used to simulate the temperature dis-
tribution within battery cells. As the measurement of the temper-
ature within the cells still poses a great challenge and the effects
of inline measurement devices on the electrical cell behavior are
not yet fully understood,[14,15] modeling is crucial to estimate the
core temperature of the cells. However, those models are based
on a lot of assumptions like the homogenization of the transport
properties of the whole battery stack[16–18] and the neglection of
contact resistances. Moreover, they are difficult to validate[15] and

J. C. Gandert, S. Paarmann, O. Queisser, T. Wetzel
Institute of Thermal Process Engineering (TVT)
Karlsruhe Institute of Technology (KIT)
Kaiserstraße 12, D-76131 Karlsruhe, Germany
E-mail: julia.gandert@kit.edu

M. Müller
Institute for Applied Materials – Energy Storage Systems (IAM-ESS)
Karlsruhe Institute of Technology (KIT)
Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen,
Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/ente.202300259.

© 2023 The Authors. Energy Technology published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/ente.202300259

The thermal conductivity represents a key parameter for the consideration of
temperature control and thermal inhomogeneities in batteries. A high-effective
thermal conductivity will entail lower temperature gradients and thus a more
homogeneous temperature distribution, which is considered beneficial for a
longer lifetime of battery cells. Herein, the impact of the microstructure within the
porous electrode coating obtained by different compression rates and its thermal
contact to the current collector is investigated as both factors significantly
determine the overall conduction through the electrode. The effective thermal
conductivity of two graphite anodes and two lithium nickel manganese cobalt
oxide cathodes is evaluated at different compression rates. It is found that the
thermal conductivity does not have a monotone dependence on the porosity with
changing compression rates. The results show a strong correlation with the
adhesion strength, thus a significant impact of the thermal contact resistance
between the coating and current collector is assumed.
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the calculated temperature field is only as accurate as the data
provided for the thermal material properties.

Multiple authors have investigated the influence of the
microstructure configured by different mixing,[19–21] coating and
drying,[19,22,23] and calendering[19,24–29] conditions on the mechani-
cal and electrical properties of the electrodes. It can be assumed that
the transformation of the microstructure due to the different
processes affects the thermal transport properties as well.

However, there is a significant research gap concerning the
impact of microstructure changes and defects on thermal elec-
trode behavior. This study aims to shed light on the changes
in the most critical transport property when it comes to thermal
gradients, the thermal conductivity, caused by alterations in the
microstructure due to calendering. We used calendering for the
configuration of the microstructure as it not only influences
the porosity but also creates mechanical defects and has a huge
impact on the interface between coating and current collector.
The changes during the process and the most important varia-
bles and components are schematically depicted in Figure 1.

The goal of the calendering process is the enhancement of the
electrochemical properties like electrical conductivity and energy
density as well as the homogenization of the mechanical struc-
ture.[30] Hereby, the mechanical stability of the coating and inter-
faces is improved,[25] aging mechanisms during operation occur
more homogeneously,[30] and the lifetime is increased due to the
enhanced adhesion strength.[19] The compression of the coating
reduces the porosity and alters the whole microstructure. Many
authors have shown that calendering has a significant impact on
mechanical and electrochemical material properties[26,27,31,32]

and can entail different defect patterns. Too high compression
rates result in particle breakage,[33,34] wrinkles and waves in
the current collector and coating,[34,35] penetration of rigid par-
ticles into the current collector,[25,27,28,34,36–40] coiling up of the
electrode[34] and resulting delamination of the coating, restric-
tions in lithium-ion diffusion,[31] a high tortuosity, and conse-
quently wetting problems.[26,35,41] Low compression rates can
lead to poor electrical conductivity[31] and low adhesion
strength.[28,29]

There is only one study known to the authors investigating the
dependence of the thermal conductivity of the coating material
on the applied compression pressure before the measure-
ment,[42] suggesting an improvement of the thermal conductivity
with increased pressure. As those investigations were made with-
out a current collector they leave out the impact of the interface.
Moreover, Richter et al.[11] showed the impact of varied pressures

during the measurement, also leading to higher thermal conduc-
tivities with higher applied pressure.

There are few models known that describe the thermal con-
ductivity with respect to the porosity.[43,44] However, no experi-
mental studies investigating this interdependency are known,
thus changes in the compression rate were not taken into
account here, which impairs the comparability to the results
obtained in this study.

In this work, two cathodes with NMC622 and NMC811 as
active materials and two graphite anodes with different starting
thicknesses after the coating and drying processes were exam-
ined. Hereby, the density ρ, specific heat capacity cp, and thermal
diffusivity κ of the coated electrodes were measured to determine
the thermal conductivity λ according to Equation (1).

λ ¼ κ ⋅ ρ ⋅ cp (1)

The latter was evaluated for varyingly strong calendered sheets
and its dependency on the compression rate was determined.
Furthermore, this study compares the experimentally deter-
mined data to modeling approaches, points out the limits for
their use, and gives recommendations for their improvements.

2. Results and Discussion

This section discusses the experimental results concerning the
effective thermal conductivity. Moreover, the uncertainty of
thickness measurements is analyzed and a comparison of the
data with existing models is presented. For details of the sample
preparation and measurement approach, the authors refer to the
experimental procedure described in Section 4.

As the porosities and layer thicknesses of the pristine and cal-
endered electrode sheets represent key parameters for the evalu-
ation of the thermal properties, these are given in Table 1. The
uncertainties are determined according to the Guide to the
Expression of Uncertainty in Measurement (GUM),[45] whereby
the error margin of the measurement devices, especially the
micrometer screw, have a far higher impact than the statistical
deviation of the samples. The compression rate Πc,i is, herein,
defined by Equation (2) following Haselrieder et al.,[30] whereby
sco,0 is the coating thickness of the pristine electrode and sco,i is
the coating thickness of the calendered sheet i.

Figure 1. Schematic depiction of the thickness and porosity changes caused by the calendering process.
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Πc,i ¼
sco,0 � sco,i

sco,0
(2)

Table 1 shows that far higher compression rates can be
reached for the graphite anodes compared to the NMC cathodes.
This can be explained by the higher starting porosity and lower
compression resistance of the graphite anodes.[26]

Hereby, it is important that the porosity is not the only factor
that is impacted by the compression during the calendering pro-
cess. The microstructure of the coating can be altered in ways
that are not yet completely understood. Additionally, the interface
between the coating and the current collector is affected. Thus, it
is more accurate to talk about the compression rate instead of
porosity, when trying to include all impact factors of the calen-
dering process. Nevertheless, the porosity was chosen for the
depiction of the results in this study to allow a realistic

comparison with existing models and to provide a simplified clas-
sification for the reader.

For enhanced understanding, the graphical representation
with respect to the compression rate is given in the
Supplementary Information.

2.1. Effective Thermal Conductivity

With the measurement data for the effective thermal diffusivity
κstack of the calendered single-sided coated electrodes, the density
ρ and specific heat capacity cp of the solid materials and the
porosity ϕ of the coating, the effective thermal conductivity
λstack of the electrode results from Equation (3).

λstack ¼ κstack

⋅ ρs,co ⋅ cp,s,co ⋅ ð1� ϕÞ ⋅ sstack � scc
sstack

þ ρcc ⋅ cp,cc ⋅
scc
sstack

� � (3)

The index “co” hereby describes the coating, “s” the solid
material, “cc” the current collector, and “stack” the one-sided
coated electrode consisting of both “co” and “cc”. The thickness
of the current collector scc was assumed to not be significantly
impacted by the compression during calendering following
the observation of an elongation of the samples of less than
one percent during the calendering process by Mayer et al.[36]

Therefore, a constant value was used for the current collector
thickness for all samples of one material. The heat capacity of
the pore volume was neglected in this calculation. Further infor-
mation on this can be found in Section 4 of this article, describ-
ing the experimental work. The results for the effective thermal
conductivities of the cathode stacks as a function of the porosity
are shown in Figure 2. Hereby, the single data points for the five
samples per calendered sheet are given. The respective compres-
sion rates are given in Table 1. Under careful consideration of the
measurement uncertainties of the devices, the results for both
cathode types indicate a decrease in the thermal conductivity with
a decreasing porosity until a minimum is reached at approx.
ϕ= 0.4 for both NMC622 and the NMC811. For a further
decreasing porosity the thermal conductivity increases again.

A similar behavior was observed for the adhesion strength
between the coating and the current collector of NMC cathodes
in different studies. Hereby, the adhesion strength also first
decreases and then increases again with decreasing porosity.
This observation suggests that the alteration of the effective ther-
mal conductivity during calendering might be significantly
impacted by the connection at the interface between the coating
and the current collector. The reduction of the adhesion strength
is said to originate from sheer forces between the two layers dur-
ing the calendering process, which impairs the connection.[37]

When the line loads get high enough, the active material particles
are pressed into the aluminum current collector foil and inter-
lock with it leading to better contact and higher adhesion
strength.[37] The penetration of active material particles into
the current collector was observed by many authors for cathodes
with rigid active material particles like NMC and LFP[27,28,36–40]

and can also be seen for the most strongly calendered NMC622
cathode in this study in Figure 3. Here, the scanning electron
microscopy (SEM) images of ion-milled cross-sections of three

Table 1. Mean values of the areal mass loading ma, current collector
thickness scc, porosity ϕ, layer thickness of the coating sco,i, and
compression rate Πc,i of the uncalendered and calendered electrode
sheets with the combined uncertainty according to GUM. The values
are referred to as the thickness measurements with the micrometer
screw using five samples per sheet and ten measurements per sample
(see Section 4).

Sheet
number

Porosity
ϕ [–]

Layer thickness
sco,i ½μm]

Compression
rate Πc,i [–]

Graphitethin 1 0.606� 0.063 70.0� 1.6 0

ma = 55.3 gm�2 2 0.586� 0.071 61.6� 1.6 0.121� 0.019

scc = 10.3� 1.2 μm 3 0.544� 0.078 55.8� 1.6 0.203� 0.019

4 0.471� 0.088 48.5� 1.6 0.307� 0.018

5 0.376� 0.102 40.8� 1.6 0.418� 0.017

6 0.328� 0.113 37.0� 1.8 0.471� 0.020

Graphitethick 1 0.597� 0.038 117.2� 1.7 0

ma = 98.2 gm�2 2 0.585� 0.041 108.2� 1.7 0.0766� 0.0127

scc = 11.0� 1.2 μm 3 0.569� 0.043 102.9� 1.7 0.122� 0.012

4 0.514� 0.049 89.1� 1.7 0.240� 0.012

5 0.412� 0.049 86.3� 1.8 0.264� 0.013

6 0.291� 0.058 71.0� 1.7 0.394� 0.011

7 0.211� 0.068 59.9� 1.7 0.489� 0.011

NMC622 1 0.513� 0.012 54.9� 1.6 0

ma = 114 g m�2 2 0.469� 0.013 50.4� 1.6 0.0813� 0.0229

scc= 16.7� 1.2 μm 3 0.427� 0.015 47.1� 1.6 0.141� 0.022

4 0.379� 0.018 43.2� 1.7 0.213� 0.021

5 0.349� 0.019 41.4� 1.7 0.245� 0.021

6 0.303� 0.021 39.6� 1.7 0.279� 0.021

NMC811 1 0.507� 0.008 79.5� 1.6 0

ma = 172 g m�2 2 0.494� 0.011 75.5� 1.6 0.0499� 0.0168

scc= 16.2� 1.2 μm 3 0.488� 0.008 73.6� 1.6 0.0744� 0.0166

4 0.483� 0.009 73.5� 1.6 0.0759� 0.0166

5 0.472� 0.009 73.0� 1.6 0.0818� 0.0166

6 0.454� 0.010 69.6� 1.6 0.125� 0.016

7 0.372� 0.012 65.4� 1.6 0.178� 0.016

8 0.319� 0.015 58.6� 1.7 0.263� 0.016
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NMC622 cathodes with increasing compression rates are
depicted. While the less strongly calendered samples do not show
any penetration of the particles into the current collector, the par-
ticles are pressed into the current collector for the most strongly
calendered sample. As a similar qualitative course of the adhe-
sion strength was found for different cathode compositions with
polyvinylidene fluoride (PVDF) binder, NMC111 or NMC622
active material, with and without graphite additive and different
mass fractions of binder and carbon black,[27,28,37] it is assumed
that the course is transferable to the cathodes in this work. An
analysis of the adhesion strength of the hereby used electrodes
could give an interesting insight. However, it lies without the
scope of this work and could not be conducted due to the limited
amount of sample material. The authors suggest an investigation
of the direct connection of the adhesion strength and effective
thermal conductivity in future work.

With the knowledge of this interface evolution during the
calendering process, it can be assumed that the quality of the
thermal contact also changes accordingly. Since the effective
thermal conductivity measured in this study also includes the
thermal contact resistance between the coating and current col-
lector, the effective value is likely significantly impacted by this
effect.

It needs to be noted that changes in the adhesion strength are
only a measure of changes at the interface. Beyond that, there can
also be changes in the structure of the coating itself. It is
assumed that delamination or breakage of binder connections
could occur for minor compression rates during the calendering
process, but there is no literature describing this behavior known
to the authors. A far more commonly observed behavior is the
breaking of particles themselves,[24,46] which can happen for very
high line loads. It was also found for the most strongly calen-
dered cathode in this study (Figure 3) and can be also seen to
some extent for sheet no. 4.

Considering the behavior of the thermal diffusivity in
Figure 4, both the improvement of the thermal contact at the
interface and the deterioration of the thermal transport path
within the coating and thus its thermal diffusivity seem to

balance each other out for the NMC622 cathode leading to a pla-
teau in the thermal diffusivity for lower porosities. Therefore, the
results in Figure 4 suggest that the increase in the thermal con-
ductivity for the lower porosities is only obtained by the increase
of the volumetric heat capacity of the stack due to the reduction
of the porosity. The thermal diffusivity and volumetric heat
capacity for all the different electrode types are given in the
Supplementary Information. The NMC811 cathode hereby
shows a similar trend as described for the NMC622 material.

Only a few publications investigating the electrical conductiv-
ity with respect to the porosity are known. However, they provide
interesting information for a comparison of the thermal and elec-
trical behavior. Measurements by Sangrós Giménez et al.[46] sug-
gest an increase of the electrical conductivity of NMC111 cathode
stacks with decreasing porosity (from ϕ= 0.417 to ϕ= 0.270),
which is the same range of porosity in which the thermal con-
ductivity measured in this study is increasing. However, the sam-
ple with the highest porosity of ϕ= 0.417 was already calendered.
So, the publication does not give an insight into possible changes
between the uncalendered sheet (ϕ= 0.522) and the least strongly
calendered sheet. Thus, it leaves unclear, if a decrease in the elec-
trical conductivity appears in this range as it does for the effective
thermal conductivity. A similar behavior with a monotonously
increasing electrical conductivity with increased compression
rate was found by Zhang et al.[47]

Additionally, it can be derived from Figure 2 that the effective
thermal conductivity of the NMC622 stacks is between 25% and
60% higher than the effective thermal conductivity of the
NMC811 stacks. However, regarding the data presented in this
study, it cannot be concluded that the thermal conductivity of
NMC622 (both active material particles and coated electrode
stacks) is generally higher than the one of NMC811 as the electro-
des have different compositions. The NMC622 cathode used in
this study has both a higher carbon black mass fraction and
additional graphite particles, which both have a significantly
higher thermal conductivity than the active material with
approx. 24Wm�1 K�1 for carbon black[48] and a mean value
of 130Wm�1 K�1[43] to 139Wm�1 K�1[49] for graphite.

Figure 2. Effective thermal conductivity of the NMC622 (left) and NMC811 (right) cathode stacks. Data of the single samples in dependence on the
porosity at a set temperature of 20 °C and quadratic fit functions with a 95% confidence interval. The measurement uncertainties of the different mea-
surement devices are given in Section 4 of this article.
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Furthermore, the coating of the NMC811 cathode is thicker, lead-
ing to a lower fraction of the highly conductive aluminum foil
and therefore a lower effective thermal conductivity.

The effective thermal conductivity of the graphite anodes
(see Figure 5) shows an even more pronounced decrease and

then increase with decreasing porosity with a minimum at
approx. ϕ= 0.54 for the thin electrode and ϕ= 0.50 for the thick
electrode at a distinctly earlier stage of compression in compari-
son with the cathodes. Hereby, it is noteworthy that the values of
the effective thermal conductivity of both electrode stacks are in
the same order of magnitudes. Furthermore, both anodes show a
strong scattering of the thermal conductivity and porosity for low
porosities, which can be explained by the increased occurrence of
defects due to the higher applied force.

There are two studies on the impact of the calendering process
on the electrode properties of anodes known to the authors. The
first study does not show a clear u-shape for the adhesion
strength between graphite anode coatings and the copper current
collector. Instead, a clearly increasing slope with decreasing
porosity was found for high calender temperatures (125 °C) by
Billot et al.[29] For lower temperatures, which are comparable
to this work, the results by Billot et al.[29] do not show a clear
tendency. However, PVDF was used as binder in this study,
which might show a significantly different behavior than the car-
boxymethyl cellulose (CMC) styrene-butadiene rubber (SBR)
combination. In the second study by Scheffler et al.,[50] using
a CMC-SBR binder system with carbon additive similar to the
one in this work, a u-shaped course was found for the adhesion
strength between coating and current collector. This encourages
the same assumptions that were made for the cathodes, suggest-
ing that the effective thermal conductivity is impacted by the
thermal contact resistance which is a measure of the quality
of the interface between the coating and the current collector.

However, no deterioration and then improvement of the con-
nection at the interface can be seen in the SEM images of the
cross-section of differently strong calendered samples in
Figure 6. The most strongly calendered sample even seems to
show a slight gap between the coating and the current collector
which can be explained by the strong shearing for high compres-
sion rates during calendering. This is said to be specifically
strong for graphite electrodes and might entail a partial delami-
nation of the coating. The thermal diffusivity shows the tendency
to a u-shaped slope for both anodes in contrast to the cathodes
(see Supporting Information), but leaves unclear if the increase

Figure 3. SEM images of ion-milled cross-sections of the NMC622 cath-
odes: Uncalendered sample (top), sheet at the minimum of the thermal
conductivity (center), and most strongly calendered sample (bottom).

Figure 4. Effective thermal diffusivity of the NMC622 cathode stacks. Data
of the single samples in dependence on the porosity at a set temperature
of 20 °C.
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originates from the better conduction within the coating or a
reduction of the contact resistance.

Depicted here is the effective thermal conductivity of the elec-
trode stack as a serial connection of the current collector and coat-
ing. As the current collector has approximately the same
thickness for both electrodes, its fraction and thus the share
of the better-conducting material is significantly lower for the
thick graphite electrode. This leads to slightly higher values
for the thin anode, although they could partially be attributed
to the uncertainty of the measurements. Furthermore, higher
coating thicknesses, described as higher area weights, showed
lower adhesion strength in other studies for cathodes[27] and ano-
des.[29] Based on this knowledge, we assume that the thermal
contact resistance might vary between the two electrodes as well
and might also show a different course in dependence on the
porosity.

Comparing the effective thermal conductivities of the anodes
and cathodes, it is apparent that the anodes provide a far better
heat conduction. This can not only be explained by the much
higher thermal conductivity of graphite in comparison to
NMC but also by the binder matrix. While the poorly conducting
binder/carbon black phase takes up less than 6% of the solid vol-
ume fraction for the anode coatings, its volume fraction adds up
to 11% (NMC811) to 13% (NMC622) for the cathode coatings.
Furthermore, the cathodes show a high internal porosity of
the binder matrix (see Supplementary Information), further
reducing the thermal conductivity of the connecting phase.
Additionally, the rather soft graphite particles allow plastic defor-
mation resulting in larger contact areas between the particles and
toward the interface, which also entails a higher effective thermal
conductivity.

2.2. Uncertainty of the Layer Thickness

Measuring the accurate thickness of very thin samples is very
challenging. It requires a high precision of the used measure-
ment devices and has the risk of compressing the samples during

the measuring process due to the applied pressure. Thus, it is
beneficial to use different methods for the determination of
the layer thickness to evaluate the uncertainty. Furthermore,
an estimation of the impact of the uncertainty on the thermal
conductivity is essential to quantitatively evaluate the resulting
error.

An error in the thickness affects different steps of the deter-
mination of thermal conductivity. First, it has an influence on the
evaluation of the thermal diffusivity from the laser flash analysis
(LFA) measurements according to Equation (4).[51]

κ ¼ 1.38 s2

π2t1=2
(4)

Besides the thickness s, the thermal diffusivity κ is determined
by the time t1=2 passing until half of the measured temperature
change is reached[51]. Thus, the higher the assumed thickness,
the higher is the calculated thermal diffusivity, as the time is
fixed by the measurement results and thus larger values of
the transport properties are needed for the heat to be conducted
along the same path inside the material at the same time. As the
thermal conductivity is directly proportional to the thermal dif-
fusivity, this also leads to higher values of the former.

Second, the thickness is an important part of the calculation of
the porosity. For a known mass, solid density, and diameter of
the sample, an increase in the thickness leads to a higher calcu-
lated porosity as the incorrectly higher assumed volume only
leads to higher amounts of hollows (see Equation (6) in
Section 4). The higher porosity itself leads to a lower effective
thermal conductivity according to Equation (2).

And third, the thicknesses of stack and current collector also
feed directly into the thermal conductivity through Equation (2).
Hereby, only the relation of the two values is important and not
the absolute values. For the investigation in this work, the ratio of
scc to sstack was assumed to stay constant, thus neglecting the
interrelation of measurement uncertainties of the stack and cur-
rent collector.

Figure 5. Effective thermal conductivity of the thin graphite (left) and thick graphite (right) anode stacks. Data of the single samples in dependence on the
porosity at a set temperature of 20 °C and quadratic fit functions with a 95% confidence interval. The measurement uncertainties of the different mea-
surement devices are given in the experimental section of this article.
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To assess the possible extent of the error of the thermal con-
ductivity, the results of selected samples have been evaluated for
a range of �25% around the thickness measured with the
micrometer screw (Mahr GmbH). The thermal conductivity

for the varied thicknesses normalized to the thickness measured
with the micrometer screw is depicted in Figure 7. Hereby, the
thermal conductivity was also normalized to the value deter-
mined for the thickness from the micrometer screw measure-
ments. Only the variation for the uncalendered samples is
depicted here, but selected calendered samples led to similar
results.

The effects of the thickness on thermal diffusivity and porosity
are counteracting each other when it comes to the calculation of
the thermal conductivity (see Equation (3)). The increasing slope
of the effective thermal conductivity indicates that the thermal
diffusivity has a stronger impact on this relation than the poros-
ity. As a result, the thermal conductivity shows significantly lower
relative variations than the thermal diffusivity, originating from
the counteracting effect of the porosity (see Supplementary
Information). A maximum relative variation of the thermal con-
ductivity of 26% for NMC622 can be derived by assuming a 25%
higher thickness than measured with the micrometer screw.
However, NMC622 only showed a maximum of 15% thickness
deviations between the two measurement methods resulting in
variations of the thermal conductivity of less than 26%. While the
tendency is similar, the effect is not equally strong for the differ-
ent materials, which is attributed to the different porosity ranges.
However, the graphs for NMC622 and NMC811 are almost
equal, making the yellow curve for NMC622 barely identifiable.

As described in detail in Section 4 of this article, various mea-
surement devices were used for the determination of the thick-
ness of the electrodes. Hereby, the measurements with the dial
indicator (Mitutoyo Corporation) led to up to 23% lower values
than the micrometer screw (Mahr GmbH) for both current col-
lectors and coated electrodes. The positive values in Figure 8
indicate that the values measured with the micrometer screw
(Mahr GmbH) are generally higher than those measured with
the dial indicator (Mitutoyo Corporation). Furthermore, the
results depicted in Figure 8 show a clear tendency toward lower
relative deviations with decreasing porosity.

The micrometer screw has a flat measuring area of 33.18mm2

and a measuring force of 5 to 10 N[52] leading to a pressure of up

Figure 6. SEM images of ion-milled cross-sections of the thick graphite
anodes: Uncalendered sample (top), sheet at the minimum of the thermal
conductivity (center), and most strongly calendered sample (bottom).

Figure 7. Impact of deviations in the measured electrode stack thickness
on the effective thermal conductivity. Normalized to the absolute value for
the thickness measured with the micrometer screw (Mahr GmbH).
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to 0.3014 Nmm�2. It presumably shows a marginal compression
of the sample and thereby practically provides the thickness at the
highest points of the sample without balancing unevenness. In
contrast, the dial indicator has a ball tip contact element with a
diameter of 3 mm and measuring forces of up to 2 N.[53] As the
ball tip has a significantly lower contact area for a penetration
depth in the μm-range, it might measure the thickness in hollows
at the surface. Furthermore, the low area leads to a higher applied
pressure, which might lead to a slight compression of the
sample. For a penetration depth of up to 20 μm in the graphite
samples and up to 10 μm in the NMC samples in comparison to
the thickness measured with the micrometer screw, a pressure of
at least 10.6 Nmm�2 for graphite and 21.2 Nmm�2 for NMC is
applied.

The decrease in the deviation with decreasing porosity could
be attributed to the fact that the more compressed layers first
have smaller hollows and thus a more even surface and second
have already experienced a stronger compression, so a further
pressure application does not have such a big impact anymore.
The strong unevenness of uncalendered electrodes and the level-
ing of the surface were also shown by Meyer et al.[26] This
assumption also explains that the graphite anode still shows sub-
stantial deviations of approx. 10% for porosities below 0.4 while
the deviations of the NMC cathodes are already below 5% here.
As graphite electrodes have a smaller compaction resistance,[26]

lower pressures are needed for the compression, leading to
higher penetration depths.

These investigations leave open the question of which thick-
ness measurement method should be used for future analyses.
Hereby, it is crucial to consider the application for which the
thickness is used. The LFA measurements were evaluated
using the penetration model by McMasters et al.[51] in this
study. This model is used for porous samples and takes into
account the surface roughness of the sample and how the laser
or light beam does not just hit the surface, but partially even
penetrates further into the pores. As the penetration depth is
fitted to the recorded temperature signal and thus corrected
automatically by the Proteus LFA Analysis software (NETZSCH-

Gerätebau GmbH),[54] it is suggested to use the height of the
highest point of the sample as thickness for the LFA evaluation
and thus the values measured with the micrometer screw are
preferred.

For the calculation of the porosity, a definite decision between
the two measurement methods is not possible. If the dial gauge
with the ball tip really just measures the lowest points of the coat-
ing surface and if it is assumed that the high points and low
points balance each other out, a mean value of both thickness
values would be a good estimation for the determination of
the porosity in the main part of the coating. However, it is
statistically improbable that the dial gauge only measures the
low points of the samples, although we have only measured
very few points that were as high as the micrometer values or
even higher (max. of 12.5% for NMC622, approx. 0% for
Graphitethin and NMC811). This leads us to the assumption
that the low values mainly originate from the compression of
the material and makes the measured thickness inapplicable
for investigations in which the electrode is not further
compressed. We therefore only used the values measured with
the micrometer screw for the LFA and porosity evaluations in
this study.

2.3. Comparison with Model-Based Thermal Conductivities

It is known in the community that heat conduction models for
simple packed beds cannot depict the complex relations of the
microstructure within battery electrodes as they are influenced
by many different effects. Thus, two models, which have been
developed for the prediction of the thermal conductivity of
porous electrode coatings, are compared to the newly measured
data in this work.

The discrete element method (DEM) simulation model
described by Sangrós et al.[43] is able to compare the impact of
different particle sizes on the effective thermal conductivity,
but neglects the binder/carbon black phase completely.
Furthermore, the graphite particles are described by spheres
although flat and uneven flake-like shapes are more realistic
for this anode active material.[26]

The analytical model introduced by Oehler et al.[44] considers
different heat conduction pathways through fluid, active material
solid, and a combined phase. While the particle size is no con-
tributing factor in this model, it is able to take into account parti-
cle shapes, different compositions as well as binder, and carbon
black volume fractions.

Figure 9 depicts the effective thermal conductivity of the thin
graphite anode stack taken from the experiments and predicted
with the model by Oehler et al.[44] assuming the same solid
material composition and a continuum thermal conductivity
of helium of 0.1518Wm�1 K�1 at 20 °C[55] within the pores.
The mean values for the current collector and coating thickness
were used for the calculation, containing more decimal places
than the rounded values in Table 1. An anode was chosen as
the graphite electrodes showed the best results for the validation
of the model.[49] The model showed already significantly larger
values for the cathodes than the experiments, according to
Oehler.[49] This discrepancy between the values for the cathodes
might be explained by the consideration of the binder phase. In

Figure 8. The relative deviation of the stack thickness was measured with
the dial indicator by Mitutoyo Corporation in comparison to the microm-
eter screw by Mahr GmbH.
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the model, the binder/carbon black is treated as a solid phase,
whereas it can be seen from the SEM images in Figure 3 and
a detailed depiction in the Supplementary Information that
the binder matrix in our case has a significant porosity in itself,
which might entail a considerable reduction of the thermal
conductivity.

Furthermore, it should be mentioned that the thermal conduc-
tivity of the gas within the discontinuum of the small pores might
be significantly smaller than the used continuum value due to the
so-called Knudsen or Smoluchowski effect.[56,57] While this effect
influences the absolute values of the effective thermal conductiv-
ity it does not seem to affect the qualitative course of the thermal
conductivity within the given porosity range.

The utilized material properties of the single components and
the results for the other electrodes can be found in the
Supplementary Information. Hereby, only a porosity range of
ϕ= 0.25 to ϕ= 0.6 was plotted as the model was only used in
this region by Oehler.[49] To make the model comparable to
the experimental results, the conduction through the current col-
lector was taken into account using Equation (5), where sstack, sco,
and λco are functions of the porosity. The contact resistance
between the coating and current collector hereby is comprised
of the combined thermal conductivity of the coating λco as it
was done for the validation of the model as well.[44]

λstack ¼
sstack

scc
λcc

þ sco
λco

þ Rcontact|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
sco
λco

(5)

While the experimental results for the thermal conductivity
show a u-shaped slope, the results of the model indicate that
the thermal conductivity steadily increases with decreasing
porosity leading to much higher values than observed in the
measurements. It has to be mentioned that the depicted results
for the thin graphite electrode show the best fit of all investigated
materials.

The results of the model by Sangrós et al.[43] show a similar
behavior as the model by Oehler et al.[44] with a steady increase
for the graphite anode material. Thus, both models are capable of
roughly describing the increasing slope for low porosities.
However, they do not show a decreasing slope for low compres-
sion rates as it was found for the experimental data. Both models
are based on the porosity as the main influencing factor, hence,
they do not consider changes in the microstructure such as
breakage or build-up of new connections, which probably occur
during the process of calendering.[37] Since the active material
particles have a significantly higher thermal conductivity than
the fluid phase, it is standing to reason that the effective thermal
conductivity must increase with decreasing porosity and thus
increasing volume fraction of the active material. Due to the
assumptions made for both models with respect to the changes
in the microstructure, they are not expected to be capable of
describing the variation of the effective thermal conductivity dur-
ing the calendering process accurately.

An important factor hereby might also be the way of consid-
ering the thermal contact resistance. Oehler[49] validated his
model with experimental data from electrode stacks. Until now
there is no option to measure the thermal conductivity of the coat-
ing separately, thus his measurements also contain the thermal
contact resistance. However, by the evaluation of the measure-
ments according to Oehler[49] using the combined value λco this
resistance is included in the thermal conductivity of the coating.
Therefore, the plotted results in Figure 9 both depict the combi-
nation of the conduction through coating and current collector
and the thermal contact resistance and are thus comparable.

However, the model by Oehler[49] does not consider changes
in this resistance as electrodes from commercial cells were used
for the validation. The single electrodes had fixed porosities in
the range of 28%–37% and varied material compositions making
an adequate comparison very difficult. It should be noted that
those electrodes have undergone a formation and cyclization.
It is assumed that the process of formation might lead to a reduc-
tion of the contact resistance by the build-up of interfacial layers
and thus entail a higher effective thermal conductivity explaining
the slope in the model results. In contrast, our cells have not
experienced a formation and not even been in contact with
electrolytes.

As a result, it is assumed that the models were never meant to
replicate the calendering process, but have rather been developed
to describe the behavior of finalized battery electrodes within the
lower porosity range.

This approach of the measurement evaluation with the
inclusion of the contact resistance into the thermal conductivity
of the coating does not influence the perpendicular thermal
conductivity of the whole battery stack. However, it does lead to
an underestimation of the thermal conductivity parallel to the
layers. Thus, the distinction between thermal conductivity of the
coating and the thermal contact resistance Rcontact according to
the upper part of Equation (5) provides an approach closer to real-
ity. This way the value can also be used for the more realistic
calculation of the thermal conductivity parallel to the layers.

The same approach should be used for the perpendicular con-
duction through the whole battery stack to take into account the
contact resistances between all the layers (anode, separator, and

Figure 9. Effective thermal conductivity of the thin graphite anode stacks.
Experimentally determined data with 95% confidence interval and compar-
ison with the calculated values according to the model by Oehler et al. in
dependence on the porosity.
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cathode). However, the determination of all contact resistances
still brings challenges requiring further research in this field.

3. Conclusion

We investigated the dependence of the effective thermal conduc-
tivity of different electrode stacks on the compression rate for a
specific calendering process, quantitatively described by the
porosity. For all four of our electrode types, we could show a
similar and significant dependence on the compression rate.
A minimum in the effective thermal conductivity is reached
for porosities of approx. ϕ= 0.4 for cathodes and ϕ= 0.5 to
ϕ= 0.55 for anodes.

The effective thermal conductivity seems to correlate with the
adhesion strength between the coating and the current collector
as a function of the porosity, encouraging the assumption that
the effective value is significantly influenced by the behavior
at the interface. This follows the hypothesis that a better mechan-
ical contact comes along with an enhanced thermal contact. The
increase in the effective thermal conductivity of the anodes for
low porosities can be attributed to this effect as well.

These investigations lead us to the assumption that there is a
thermal contact resistance between the coating and the current
collector that significantly contributes to the overall thermal con-
duction through the electrode stack.

Moreover, we looked into the impact of uncertainties in the
thickness measurements on the calculated thermal conductivity.
The thickness value hereby feeds into the evaluation of the ther-
mal diffusivity measurements and the calculation of the porosity,
which have counteracting effects on thermal conductivity. The
influence through the thermal diffusivity is stronger according
to our results. The impact of an error in the relation between
coating thickness and stack thickness was neglected in this study.

Our results also show a clear tendency toward smaller differ-
ences between the two thickness measurement methods for
stronger calendered electrodes. This observation is attributed
to an increasing resistance toward compression by the measure-
ment device with increasing compression rate by calendering.

We showed that the neglection of the contact resistance does
not change anything in the calculation of the perpendicular ther-
mal conductivity of the whole battery stack, but it decreases the
thermal conductivity parallel to the layers. Thus, we recommend
a further investigation of the thermal contact resistances between
the coating and the current collector as well as between the
stacked layers, namely the electrodes and separator sheets.

Furthermore, the comparison of the experimental results with
two modeling approaches from the literature showed a poor
agreement of the data. This is most likely due to the fact, that
the models do not take into account the changes that are caused
within the microstructure by the calendering process, but only
account for the change in porosity.

4. Experimental Section
For the sample preparation at the Institute of Applied Materials –

Energy Storage Systems (IAM-ESS) single-side coated, uncalendered elec-
trode sheets from the same batch were used. Before the calendering, they
have been stored either in ambient air (graphite), in a desiccator with air

(NMC622) or in inert atmosphere (NMC811), depending on their ten-
dency to deteriorate during contact with oxygen and water. The solid mate-
rial composition of the different electrodes in wt% is given in Table 2.

Four different coating batches of three different materials were
calendered in air with different forces to reach samples with various layer
thicknesses and different porosities. Hereby, a two-roll laboratory calender
(GKL 200, Saueressig) with a roll diameter of 267mm, width of 400mm,
and a circumferential velocity of 1 mmin�1 was used. The temperature
was set to a constant value of 50 °C. Directly after the calendering process,
the layer thicknesses were measured with a dial gauge for a first indication
of the compression rate. After the calendering, the samples were dried in
air at a temperature of 50 to 60 °C overnight and then stored within a dry
glovebox with inert argon atmosphere. To keep the air contact as low as
possible the sample preparation was mainly conducted within the glove-
box so that the samples were only exposed to air right before the measure-
ment. This way it can be assumed that the impact on the mechanical and
chemical structure and thereby also the thermal material properties can be
neglected in this work. All measurements of density, specific heat capacity,
and thermal diffusivity were conducted at the Institute of Thermal Process
Engineering (TVT). The specific heat capacities and densities were deter-
mined by differential scanning calorimetry (DSC) and gas pycnometry,
respectively. Both properties were only measured for the solid particle mix-
ture of the coatings as the values of the porous structure can then be cal-
culated with the knowledge of the porosity. As the sheets are taken from
the same batch with a consistent material composition and as it can be
assumed that ρ and cp do not change for the solid material during the
calendering process, those measurements were not conducted for every
single porosity. Instead, only the uncalendered electrode sheets were used
for those investigations.

For the DSC measurements, the coating was scraped off the current
collector and compactly pressed into standard aluminum crucibles.
Three samples were prepared for each material. The measurements
were conducted with a Q2000 (TA Instruments) with a measurement
uncertainty of �0.05% in nitrogen atmosphere with a flow rate of
50mLmin�1. Hereby, a temperature range of �40 to 60 °C was run in
2 K steps with a heating rate of 20 Kmin�1. The temperature ramp was
performed five times for each sample.

The density measurements were conducted with an Ultrapyc 1200e
(Quantachrome) with a measurement uncertainty of �0.03%, which
allows the determination of the solid density of powders. Nitrogen was
used as measuring gas at a set temperature of 25 °C. Three samples
out of the scraped off solid material were gauged for each electrode
composition.

The thermal diffusivity had been determined using laser flash analysis
(LFA) measurements. The operating principle of the LFA is schematically
depicted in Figure 10. Hereby, a light pulse is shot onto a tempered cylin-
drical sample and the temperature change on the opposite side is detected
by an infrared sensor over time. For the sample preparation, coins were
punched out of the electrode sheets. The thermal diffusivity was measured

Table 2. Mass fractions in the coating in wt% and material of the current
collector for both graphite anodes (same composition and current
collector) and NMC622 and NMC811 cathodes.

Graphitethin
Graphitethick

NMC622 NMC811

Active material 96 92 96

PVDF binder – 3.0 2.0

CMC binder 1.25 – –

SBR binder 1.25 – –

Graphite additive – 2.0 –

Conductive carbon black 1.50 3.0 2.0

Current collector Copper Aluminum Aluminum
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for every single porosity of each material. Hereby, five samples were pre-
pared per sheet. To prevent reflection and increase the absorption of the
light beam, the metal side of the samples was spray coated with a thin
graphite layer (Äronix). As measurement device an LFA 467 Hyperflash
(NETZSCH-Gerätebau GmbH) with a measurement uncertainty of
�3% was used with nitrogen as protective gas with a volume flow rate
of 60 mLmin�1. All shown results were obtained in a helium atmosphere
with a volume flow rate of 25mLmin�1. A temperature range of �20 to
60 °C was investigated with measurements in 10 K intervals. The cooling
below room temperature was achieved with liquid nitrogen. No further
pressure was applied to the samples during the measurements. The light
flash was shot onto the side with the electrode coating for all samples.

The evaluation of the LFA measurements was conducted with the
Proteus LFA Analysis software (NETZSCH-Gerätebau GmbH). Due to
the roughness of the porous samples the penetration model was used,
which is comprehensively described by McMasters et al.[51]

The porosity was determined by gravimetrical measurements of the
round electrode coins, which were prepared for the LFA measurements.
With the knowledge of the densities of the current collector and the solid
material of the coating and the mass and geometrical dimensions of the
sample, the porosity may be calculated by Equation (6).

ϕ ¼ 1� mstack

π⋅d2
4 ⋅ sco

� �� ρcc ⋅
scc
sco

2
4

3
5 ⋅ ρs,co�1 (6)

In this study, the mass was measured with a Balance XPE206DR preci-
sion scale (Mettler Toledo) with a measurement uncertainty of�0.015mg
and the diameter was measured with a digiMax 150D digital caliper
(Wiha Werkzeuge GmbH) with a measurement uncertainty of
�0.05mm. The punching out of the samples might lead to material loss
on the edges, resulting in slightly reduced masses and higher porosities.

The thicknesses used for the evaluation of the results were measured
with a digital micrometer screw Micromar 40 EWR (Mahr GmbH) with an
error margin of 2 μm for all electrode samples and current collectors. Each
of the five samples per sheet was measured 10 times. The results showed
significant differences in comparison to the measurements taken with a
dial gauge directly after the calendering process. To evaluate possible
errors in the values used for the evaluation of the thermal conductivity
approx. half of the samples were then again measured with a digital dial
indicator ID-H0530 (Mitutoyo Corporation) with an accuracy of � 1.5 μm
10 times per sample.

As helium was used as fluid within the pores for the LFA measure-
ments, the gaseous phase has been neglected in the evaluation, according
to Equation (3). Investigations have shown that this simplification is
valid, as the volumetric heat capacity ρHe ⋅ cp,He of helium is equivalent
to only 0.024% (for NMC811) to 0.055% (for graphite) of the heat
capacity of the solid mixture of the coating. Hereby, specific heat
capacities of 701.1 J kg�1 K�1 (graphite), 785.8 J kg�1 K�1 (NMC622),
and 773.5 J kg�1 K�1 (NMC811) measured at 20 °C and densities of

2162 kgm�3 (graphite), 4229 kgm�3 (NMC622), and 4474 kgm�3

(NMC811) measured at approx. 24 °C for the solid mixtures were used
for the calculation.
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