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1. Introduction

Even though being introduced in 1991, lithium-ion batteries are
still under intensive research due to their high potential as long-
lasting, fast-charging power sources. To fulfill the needs of the
upcoming electrification of transportation, many improvements
have been made in the last few years.[1] One of the major influ-
ences on the later cell performance can be found in the micro-
structure of the electrodes.[2] It defines the ability of lithium
ions to diffuse into the network and therefore, to react with

the applied active material, with larger
porosity allowing the ions to diffuse more
easily.[3] Contrary to that, the electrical con-
ductivity is promoted by high interconnec-
tivity of active material particles and
conductive additives so those two counter-
acting influences have to be carefully evalu-
ated for optimizing not only the cell’s
energy density but also its (dis)charge capa-
bility during cycling.[4,5] Apart from the
microstructure, the mechanical integrity
of the electrode needs to fulfill certain
requirements by upholding the contact
between the particles and also between
the particles and the current collector,
which ultimately impacts the cell perfor-
mance as well.

During manufacturing, lithium-ion bat-
tery electrodes undergo a series of process
steps that define the electrode’s microstruc-
ture.[1,2,5] The process steps that have been

subject to intensive research, such as the dry mixing of the com-
ponents,[6,7] the dispersing of the active and additive materials in
the solvent,[8,9] the coating of the current collector foil with the
resulting slurry,[10,11] the drying of the coated film[12–17] and the
calendering,[18–21] where the microstructure is compressed.

While all of these processes have a certain influence on the elec-
trode structure, in general, the particle arrangement is fixed during
the drying step. This means, the drying step defines the electrode
pore structure, which can afterward be further compressed by cal-
endering. Also, the drying process has a large impact on the
mechanical integrity of the electrode by influencing the binder dis-
tribution within the electrode due to accumulation at the drying
front, therefore limiting the cohesive and adhesive strength of
the electrode. Electrical conductivity, in contrast, is affected by
the distribution of the conductive additive, which is also prone
to migration, and contact with the active material. These complex
processes occurring during the drying process on the microscale
are not fully elucidated yet and, therefore, leave room for optimizing
the overall battery performance.

The effect of drying conditions on microstructure, additive
distribution, and the resulting cell performance has been exam-
ined in some studies. Hagiwara et al. examined the binder dis-
tribution during the drying of water-based anodes by measuring
the migration of styrene butadiene rubber (SBR) by means of
freeze-drying the anodes and analyzing the binder distribution
with Raman spectroscopy. Here, a migration of the binder for
temperatures of 150 °C could be detected.[22] Westphal et al.
investigated the influence of convective drying parameters such
as temperature and nozzle speed on electrode adhesion,
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During the manufacturing of lithium-ion-battery electrodes, the drying step has a
great impact on their performance as it determines the pore microstructure and
the mechanical integrity of the electrode. To derive dependencies of the electrode
properties on the drying temperature, water-based graphite anodes are dried by
means of a conductive drying apparatus and analyzed during and after the drying
process. Drying experiments with different temperatures from 40 to 80 °C
indicate that the electrode properties strongly depend on the chosen temperature
and, therefore, on the drying rate, as the investigation of the binder distribution
shows. Higher drying temperatures lead to a poorly distributed binder profile
with the accumulation of binder toward the surface of the coating, due to the fast
receding film surface. Also, lower temperatures hinder the diffusion of the binder
during the process, which also results in a less distributed binder concentration.
On the contrary, the drying rate does not seem to have a major effect on the pore
structure of the electrode which suggests that the binder distribution does not
play a leading role in the pore structure formation process.
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elasticity, and conductivity and correlated these with the separa-
tion of the binder during the electrode drying, with fewer migra-
tion occurring when the diffusional binder remixing is able to
outperform the evaporation driving force.[15] In a subsequent
study, critical values for the driving force and the mass loading
to avoid additive segregation could be determined.[16] Structure
formation and binder segregation were also thoroughly explored
in a series of studies conducted by Jaiser et al. In the first study,
they proposed a top-down consolidation front of graphite par-
ticles responsible for binder segregation during the drying of
anodes.[14] This theory has been revised in the following publi-
cation, where cryo-focused ion-beam (FIB)- secondary electron
microscope (SEM) and energy-dispersive X-ray spectroscopy
has been applied to examine the electrode microstructure at var-
ious points in time.[23] The particles have been found to be dis-
tributed equally every time and the pore emptying after
consolidation has been proven to be heterogeneous, as also men-
tioned in another publication, where pore emptying has been
examined by means of fluorescence emission.[24] Binder migra-
tion has been observed as well, however, no final clarification of
the causative mechanisms could be presented.[23] These findings
have ultimately been used to develop a three-stage drying profile,
leading to adhesive electrode strengths similar to that of electro-
des dried with low drying rates with the advantage of a significant
drying time reduction.[13]

Apart from experimental examination, numerical modeling can
be useful to gain insight into the processes, leading to different
results during drying without the effort and costs of experimental
investigations. Liu and Mukherjee developed a mesoscale kinetic
Monte Carlo model in 2014 for evaluating the influence of particle
morphology and solvent evaporation dynamics on the distribution
of the different phases (active material, conductive additive, binder)
after drying with a focus on structural properties rather than evalu-
ating the binder migration.[25] This approach was subsequently
extended to account for different mixing conditions[26] and various
binder lengths.[27] An approach by Forouzan et al. used coarse-
grained molecular dynamics for modeling the active materials
together with the carbon binder domain (CBD), using shrinking
CBD particles mimicking the drying process to describe effects
on the final microstructure.[28] This concept was recently adapted
by Ngandjong et al. and Rucci et al. for use in a multiscale
simulation platform linking electrode processing with cell
performance.[29,30] Additional to experimental studies, Stein et al.
modeled the redistribution of secondary particles (conductive addi-
tiveþ binder) after the consolidation of active material particles by
means of volume fractions subjected to film shrinkage which lead to
different degrees of migration depending on the Peclet number.[17]

Font et al. focused their modeling approach on the evolution of the
binder distribution by solving an advection-diffusion equation
dependent on the liquid and solid (active material) volume fractions
calculated via a separate transport model.[31]

In this work, the drying of water-based anodes is examined
using a model setup, in which the drying progress can be exam-
ined in real time by means of laser triangulation measurements.
The extracted information about receding surface speed, drying
rate, and film temperature is correlated with the microstructure
development, represented by porosity and pore size distribution,
as well as the binder distribution. The resulting observations lead
to conclusions about the interplay between drying rate, structure

formation, and binder diffusion and show the utilizability of the
presented model dryer for a defined examination of drying pro-
cesses with special attention to the potential use in combination
with a numerical model.

Electrode drying on an industrial scale does not allow any pro-
cess variations in the sense of research due to the required mate-
rial quantities as well as the inline analytics and the respective
corresponding costs, so experiments on amodel scale or pilot scale
have to be resorted to. The latter was carried out, for example, by
Westphal et al.,[15,16] where the drying process itself is largely seen
as a black box and the focus was on downstream structural differ-
ences. However, model experiments such as those carried out here
or by Jaiser et al.[13,14] provide a deep insight into the process dur-
ing drying. Insights gained here sharpen the picture and allow for
a second step a transfer to the industrial process and targeted pro-
cess adaptations to improve the electrode quality influenced by
drying. The results also provide important data for simulating
binder distribution during drying. This test setup allows the con-
clusion to be drawn from the decrease in coating thickness, solids
content, and coating temperature. While in industrial dryers at
best the surface temperature can be determined with infrared sen-
sors, the continuous recording of the coating thickness and the
determination of the solids content is not possible. It, therefore,
makes sense to present and discuss these correlations in this
model test, which then allows conclusions to be drawn with
the more limited possibilities of industrial dryers.

2. Results and Discussion

In the following, the results determined in the drying test rig for
drying of a water-based anode suspension with an initial solvent
content of 52% are discussed. On the basis of these results, basic
findings on binder distribution and pore structure of the inves-
tigated anodes are shown and discussed.

2.1. Evolution of Film Properties during Drying

During the electrode drying process, the coating film is formed,
which is accompanied by a decrease in the thickness of the elec-
trode coating δB. During the reduction of the coating thickness,
the coating components can be rearranged, thus also causing the
migration of the binder to the coating surface. By measuring
the decrease in coating thickness, the segregation phenomena
of the binder can be correlated with the rate of decrease in coat-
ing thickness. Figure 1 shows the change in the layer thickness of
the electrode coating δB over the drying time. For the anode dried
at TDr= 70 °C, the layer thickness decrease takes place within the
first 82 s at a constant rate of decrease, resulting in a linear course
in this first section. After 82 s, the reduction of the layer thickness
is completed, thus the volume is fixed at this point in time.
Further mass transfer processes can now only take place within
this volume. After the time of volume fixation, which is further
referred to as the end of shrinkage (tEoS), the layer thickness
remains constant and the rate of shrinkage ψ is zero. The change
in coating thickness between the linear decrease and the remain-
ing of the coating at a constant level is characterized by a very
small transition area, in which the value decreases and finally
reaches 0 μm s�1. Due to the low specificity, this area is neglected
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for further consideration, so a direct transition of the linear
decrease to a constant film thickness is assumed as simplifica-
tion. For the comparison of ψ at different drying settings, the
value range of the linear decrease is fitted. For the determination
of ψ, this linear range is stretched until the mean value of ψ for
the next 50 measuring points lies 5% above the one of the linear
fit. The slope of the linear fit indicates the rate of film thickness
reduction ψ. The measured values of the constant range are aver-
aged and by determining the point of intersection the time of the
volume fixation tEoS can be determined.

The decrease in relative solvent content wl was determined
by calculating wl at every measurement time according to
Equation (1) using the measured mass of the wet coating sample
mw and the mass of the dried coating sample ms.

wl tð Þ¼
mlðtÞ

mlðtÞþms
¼ 1� ms

mw tð Þ (1)

For the anode suspension with an initial solvent content of
wl= 0.52 and a drying temperature TDr= 70 °C, the results of
the solvent content and the surface temperature are shown in
Figure 2. A thermocouple was used to measure the coating temper-
ature during the drying of the electrodes. The coating temperature
shows lower values in the first seconds until the thermocouple is
carefully placed on the coating surface. Since themeasuring bead is
carefully placed on top of the wet coating, which in this state offers
no appreciable resistance, a slight penetration into the coating can-
not be completely ruled out. Therefore, in the following the term
film temperature TF is used instead of surface temperature TS. This
measuring principle has the advantage over pyrometers as it is inde-
pendent of changes in the adsorption properties resulting from the
change of the coating surface from glossy wet to matt dry. First of
all, it is noticeable that the measured temperature remains below
the drying temperature of TDr= 70 °C at all times. This can be
attributed to the fact that a intermediate temperature of the coating
with the ambient air of approx. 20 °C is reached due to the applied
drying method. Furthermore, three sections can be distinguished
on the basis of the coating temperature: The first section lasts up to

a drying time of around 180 s, in which the coating temperature is
approx. 65 °C. Here, the measured temperature, the steady-state
temperature, is lower than the drying temperature due to evapora-
tive cooling. Within the second section until�235, the temperature
increases, which indicates that the amount of evaporating solvent is
reduced to such an extent that cooling of the coating surface can no
longer maintain the steady-state temperature. Finally, in the third
section from 235 s on, a constant temperature of around 68 °C is
reached, which is the dry coating temperature during this drying
process. The course of the solvent content can be described as line-
arly decreasing up to t� 150 s. It should be noted that a linear
decrease in solvent content is not associated with a constant drying
rate, since the change in mass of the solvent is included in both the
dividend and divisor, see Equation (1).

The effects of the drying temperature on the drying rate are
discussed in Section 2.2. In the range of low solvent contents
(wl< 0.1), the adhesive strength of the coating to the substrate
has become so strong that a faultless removal of the coating with
a spatula was no longer possible and, therefore, sampling in
these solvent ranges had to be avoided. For fitting of the spatula
samples, a Gumbel fit was chosen, which is linear in the first
range and then asymptotically approaches a limit value, in this
case, the solvent content wl= 0.

In battery cells, intrudable pores of the electrode are filled with
electrolytes and thus, significantly contribute to the conductivity of
the lithium ions within the coating. The pore structure is formed
by drying and reduced to an optimum ratio of ionic to electrical
conductivity during the calendering process step. While porosity is
generally referred to as the ratio of the void volume to the total
volume of a porous structure, the term for drying is expanded
so that porosity also refers to the total volume of pores filled with
solvent. During drying, the porosity of the battery electrodes
affects mass transfer via the diffusion coefficient in two ways:
First, mass transport takes place within the solvent-filled, porous
network and influences the diffusion of the binder in the solvent.
Furthermore, the porosity with increased drying time and the
associated falling liquid level influence the diffusion of the solvent
in the gas phase within the coating. To differentiate, the porosity

Figure 2. Evolution of solvent content wl and coating temperature at
TDr= 70 °C.Figure 1. Evolution of coating thickness over time at TDr= 70 °C.
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formed from pores filled with solvent is called εfull and those with
solvent-free pores εvoid. The total porosity is the sum of these and is
used without an index, as shown in Equation 2

ε¼ εfullþ εvoid (2)

At the beginning of the drying process, the entire intrudable
pore structure is filled with solvent. When the layer thickness
decreases during the drying process, this implies a reduction
in porosity over the drying time. By directly linking the total
porosity with the layer thickness, the development of these
two variables is considered in Figure 3. The porosities shown
here are determined via the layer thickness measured and the
solid density and differ slightly from the porosity determined
via mercury intrusion due to the method used. From the mea-
sured layer thickness and the solvent content over time, an esti-
mation of the layer thickness occupied by the solid components,
the solvent-filled pores, and the free pores is shown in Figure 3
on the left. From this, the decrease of the porosity of filled pores,
εfull, and the increase of the percentage of solvent-free pores,
εvoid, is calculated as depicted in Figure 3 right. This estimation
allows a better understanding of the pore formation over the dry-
ing time and provides important information about the degree of
pore filling. The assumed layer thickness of the solid, to which
the active material and the carbon black belong, results from the
material densities and the material proportions. Since no solid is
sublimated during drying, the layer thickness that the solids
would take up in compressed form without free pores is con-
stant. As in this experiment, the structural changes throughout
the drying process are of interest rather than the final microstruc-
tural characteristics, the binder is assumed to be completely dis-
solved in the solvent and is not considered in the solids layer.
Directly after coating, solvents and solids take up the entire vol-
ume of the coating and accessible pores are filled with solvent.
The solvent is removed from the coating during drying, which
results in a reduction of the total coating thickness. Since the
thickness of the coating, which is taken up by the solvent, is
reduced faster, i.e., the drying rate is higher than the rate of
reduction of the coating thickness, solvent-free pores are formed
even before the volume is fixed at the time of tEoS. The porosities

shown in Figure 3 on the right illustrate the effect of volume fix-
ation on porosity. The total porosity ε is reduced with decreasing
layer thickness and reaches a constant value at the time tEoS.
As the solvent-filled porosity εfull decreases, the proportion of
solvent-free pores and the associated porosity εvoid increases.
This must be taken into account during binder migration, as
the binder is transported exclusively in the liquid phase. This
assumption can be made, among other things, because the melt-
ing temperatures of the binders are undercut during drying.
Thus, the binder is fixed in solvent-free pores. As a result, the
binder in the solvent-free pores is no longer mobile.

2.2. Influence of Different Drying Temperatures on Film
Properties During Drying

To investigate the influence of the drying temperature TDr, water-
based anodes were dried at temperatures of 40 to 80 °C and their
layer thickness reduction, coating temperature, and solvent con-
tent were determined. Results as shown in Figure 1 are obtained.
Independent of temperature and suspension properties, the elec-
trodes show constant removal rates ψ during the first drying
phase, which is why a single value for the reduction in coating
thickness can be used for description. In Figure 4, these are dis-
played together with time tEoS, at which the layer thickness is
fixed, over TDr. The rate of film thickness decrease ψ rises
exponentially with the drying temperature. In the considered
temperature range of TDr= 40–80 °C, the rate of film thickness
decrease ψ goes up from ψ (TDr= 40 °C)= 0.16 μm s�1 to ψ
(TDr= 80 °C)= 2.5 μm s�1. The time in which the reduction of
the film thickness takes place decreases in the same measure.
Consequently, tEoS and ψ are inversely proportional to each other.
With increased temperature TDr, the time in which the film for-
mation takes place decreases, and the rate ψ increases to the
same extent, so that the resulting coating thickness is almost con-
stant. The result of this relationship is that, regardless of the dry-
ing temperature, the electrodes have nearly the same final
coating thickness δB,fixed within the scope of deviations caused
by the measurement. This results in Equation (2), independent
of the drying temperature

Figure 3. Evolution of film thickness over time with respectively the frac-
tion of solvent-free pores, solvent, and solids (left) and the portion of sol-
vent-free and solvent-filled pores in the total porosity (right).

Figure 4. End of shrinkage tEoS and shrinkage rate ψ for different drying
temperatures and mixing intensities.
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δB;fixed ¼ δB;Start�ψ tEoS (3)

In addition to the series of tests at different temperatures,
results of a variation of the mixing procedure were added in this
diagram, whereby the active material and the carbon black were
separately dry premixed in a high-intensity mixer, followed by the
mixing procedure that was also used for the basic variant. As
Figure 4 shows, as the intensity of dry mixing increases, the rate
of decrease in film thickness decreases, but not the time of
decrease.

The mass loading of the high-intensity mixed electrodes is
�22mg cm�2, which is slightly higher than the base variant with
20.1mg cm�2. Since, however, no change in the absolute removal
rate can be observed with increasing wet film thickness, respec-
tively, with increasing area weight of the dry electrode, which is
further discussed in Figure S1, Supporting Information, it can
be concluded for the variation of the carbon black decomposition
that a higher mixing intensity of active material and carbon black
is accompanied by a reduction of the removal rate due to the
already in the wet state more compact electrode structure.

For the anodes dried at different temperatures, the solvent
content wl was determined by scraping off the coating during
drying with subsequent heating and weighing, and the area-
related solvent mass reduction rate m

:
l was calculated from this,

as shown in Figure 5. This illustration demonstrates the differ-
entiation between the decrease in relative solvent content and the
mass reduction rate already described in the previous section: A
linear, negative gradient of the solvent content wl is not associ-
ated with a constant mass reduction rate m

:
l. Although this can be

assumed at low drying temperatures, since the decrease is so
small that a quasi-constant rate can be monitored, with increas-
ing TDr and, as expected, increasing drying rate, a constant dry-
ing rate is less and less achieved. Thus, at TDr= 80 °C an instant
decrease of m

:
l can be observed. Overall, it should be noted that

the drying rates achieved here remain significantly below those

achieved on a production scale with residence times in the dryer
of approx. 1min. This is due to the conductive, discontinuous
drying method and is assessed as acceptable for these fundamen-
tal investigations.

In Figure 6, the measured coating temperatures TC as a func-
tion of TDr are shown. First of all, it is noticeable that the mea-
sured coating temperatures deviate more and more from the set
temperatures the higher they become. While at TDr= 40 °C no
significant difference between the set and actual temperatures
can be determined, at TDr= 80 °C the coating temperature is
clearly below 80 °C even at the end of drying. This can be attrib-
uted to the fact that in this model design with conductive drying
the environment is at room temperature. Although the target
temperatures are reached by the heating plate, a temperature gra-
dient is established within the layer due to the cooler

Figure 5. Solvent content (top) and area-related solvent mass reduction rate (bottom) over time for different drying temperatures.

Figure 6. Evolution of coating temperature TC over time.
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temperatures above the heating plate. The further TDr deviates
from the ambient temperature, the less the target value is
reached in the coating. Furthermore, it can be seen in which time
period a reduction of coating temperature TC is present due to
the evaporative cooling of the water. This becomes particularly
clear at the high temperatures of 70 and 80 °C, where high drying
rates lead to a strongly pronounced cooling effect. As a result of
the high drying rates, the increase of the temperature in the sec-
ond drying stage is shifted to even shorter drying times.

2.3. Influence of Different Drying Temperature on Final
Electrode Properties

The amount of binder in the battery electrode as an electrochem-
ically inactive component should be kept as low as possible, while
ensuring sufficient cohesion within the coating and adhesion to
the substrate film. This can only be achieved if the binder is pres-
ent where it is needed, i.e., homogenously inside the coating and
at the interface to the substrate film. This results in the necessity
of a homogeneous distribution of the binder over the layer thick-
ness or, ideally, a gradient with increasing binder content
towards the substrate. The binder migration can be analyzed
by energy dissipative X-ray spectroscopy (EDX) and adhesion
tests.[3] Figure 7 shows the normalized amount of Na and points
it out by the use of a linear regression. In addition, the adhesive
strength is shown in Figure 8. If the binder is distributed homo-
geneously, the normalized binder distribution over the four coat-
ing segments would be constant at 25%. A uniform distribution
is most likely to be present at 40–60 °C, which is also consistent
with the adhesion tests in Figure 8, since the highest adhesive
strengths were achieved at these drying temperatures. The
uneven binder distribution is the strongest at TDr= 80 °C with
the lowest adhesive strength of σZ� 880 kPa. The inhomoge-
neous binder distribution at TDr= 40 °C is remarkable in so
far as the electrode has the lowest drying rates, see Figure 5,
which is usually considered the most decisive parameter of
binder migration during drying. Due to the low temperature,

however, the diffusively acting forces are less pronounced than
at higher drying temperatures, based on the reduced particle
motion and higher viscosity. Overall, the two methods show a
similar trend in that the strongest binder migration is detected
at a drying temperature TDr= 80 °C and a more homogeneous
binder distribution is achieved with decreasing temperature
and, thus, lower evaporation rates. Furthermore, the degree of
binder migration increases with the increasing rate of layer
shrinkage ψ of the coating. An exception to this process is the
anode dried at TDr= 40 °C. Due to the low temperatures and thus
higher viscosity, the diffusion of the binder could be inhibited so
that a compensation of the convective flow is not possible. For the
variation of the mixing procedure, the decrease rate behaves cor-
respondingly also the adhesion strength, so at the highest mixing
intensity and the lowest temperature also the highest adhesion
strength can be measured. The results are shown in Figure S2,
Supporting Information.

The mercury intrusion allows a differentiated characterization
of the pore structure by means of the pore diameter distribution
as shown in Figure 9. The pore diameter distribution of the active
material is characterized by pores in the μm range, which is
determined by a median particle size value of x50= 19 μm
and a flake-like particle shape. With a primary particle size of
x50= 40 nm and an aggregated and agglomerated secondary
structure, the pores inherent in carbon black are in the nm range.
As the binder adheres to the surfaces of the active material and
the carbon black in electrodes and forms binder bridges, it does
not form pores on its own and, therefore, can be neglected in
this analysis. The active material and carbon black are mixed
in electrodes, whereby the carbon black agglomerates have
been partially broken down during the dispersion process.[2,5–7]

Furthermore, carbon black agglomerates settle in the spaces
between the active material, as a result of which the pore diame-
ter distribution in electrodes appears as shown in Figure 9. The
pore structure of the anodes investigated here is significantly
influenced by the pores of the active material with a maximum
of 3.7 μm. The carbon black-inherent pores are assigned to the
pore range 0.1–1.0 μm. The pore size distributions of the anodes

Figure 7. Distribution of binder in the electrodes dried at different
temperatures.

Figure 8. Adhesion strength of electrodes dried at different temperatures.
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dried at different temperatures can be considered identical. This
is in accordance with a constant coating thickness at varying
drying temperatures. The SEM image embedded in diagram 9
is exemplary for the electrodes discussed here and shows a
cross-section of them. As is typical for electrodes, the cross-
section shows active material and carbon black agglomerates tra-
versed by the pores just discussed. In terms of purely visual
assessment, no differences between the electrodes are discern-
ible. In conclusion, a change in the drying temperature and
the resulting binder distribution within the coating does not
cause differences in the pore structure as it can be measured
by mercury intrusion. This underlines the assumption that no
pores associated with the binder are formed.

3. Conclusions

This study aims at elucidating the dependencies of the electrode
properties on the drying temperature. Therefore, the drying of
battery water-based anodes at different temperatures was inves-
tigated using a model setup in which the layers were dried con-
ductively. The rate of solvent removal and the time until the layer
is fixed, tEoS, were found to be the decisive parameters for
describing the experiments.

Thus, an increase in drying temperature causes the layer
shrinkage rate to increase exponentially and tEoS to decrease to
the same extent. The mixing procedure was also identified as
a further influencing factor, with high-intensity mixing being
associated with a reduced reduction rate. The differences in dry-
ing rate and drying time lead to different binder distributions
within the electrode. Due to fast evaporation, the binder accumu-
lates at the electrode surface whereas for lower evaporation rates
diffusion counteracts this effect resulting in a more evenly dis-
tributed binder. Reducing the temperature and, therefore, the
drying rate even further down to 40 °C causes viscosity and with
that diffusion to decrease to an extent that hinders the binder to
distribute uniformly. In contrast to the binder, the pore structure

of the electrodes and the coating height do not change. This leads
to the assumption, that the formation of pores proceeds indepen-
dently of the binder. Overall it can be assumed that the distribu-
tion of the binder and, therefore, the mechanical integrity of the
electrode can be controlled to a large extent by tuning the evapo-
ration rate and the drying temperature. With this knowledge,
large-scale drying processes can be tailored to produce porous,
yet mechanically stable electrodes by adjusting the drying rate
and the temperature which act as counteracting forces influenc-
ing in terms of distributing the binder. To investigate the influ-
encing factors regarding the formation of the structure and the
interaction with the binder more thoroughly, the numerical sim-
ulation could be part of future work, building up on the pre-
sented findings, to enable fast and resource-saving process
development.

4. Experimental Section

Slurry Preparation: For the preparation of anodes synthetic, surface-
modified graphite was used as active material. The particle median size
is x50= 19 μm with a specific surface area of 3 m2 g�1. Furthermore,
the theoretical specific discharge capacity was 362mA h g�1. As a conduc-
tive agent, carbon black (C-Nergy Super C65, Imerys) with a specific sur-
face of 63 m2 g�1 and a primary particle size of x50= 40 nm was added.
Na-CMC (Walocel CRT 2000 PA, Dow Wolff ) and SBR (Lipaton SB 5521,
Synthomer) were added as binders. The recipe formulation of the solids
was 90 wt% active material, 5 wt% carbon black, 2.5 wt% CMC binder, and
2.5 wt% SBR binder. With this robust formulation, process variation out-
side the optimal drying window is possible and characterizable electrodes
can be produced.

For the preparation of the slurry in a batch-wise manner, first, the solid
components were dry mixed in a shaker mixer (Turbula T2F, Willi A.
Bachofen) for 15min before the solids were dispersed in the solvent (deion-
ized water) by means of a dissolver (Dispermat C A60, VMA-Getzmann) for
60min at 15 °C with a tip speed of 9m s�1 and a 20min degassing step,
resulting in a solids content in the slurry of 48wt%.

For the variation of the mixing procedure, the active material and car-
bon black were dry premixed for 2 min. This was carried out in the Nobilta
high-intensity mixer from Hosokawa Alpine. An annular gap of 3 mm
between the rotor blades and the casing wall leads to a breakdown of
the carbon black agglomerates. The speeds used are 1500 and 2000 s�1,
respectively. After the high-intensity mixing, the slurry preparation was car-
ried out according to the basic slurry.

Coating and Drying: The prepared slurry was coated on the substrate
(copper foil with a thickness of 10 μm) with a discontinuous automated
coating device (ZAA 2300, Zehntner) by knife coating. A coating width of
80mm and a coating speed of 10mm s�1 were set. Conductive heating
was applied via a heating plate able to produce temperatures up to
160 °C. To overcome the issue of an overlap of the heating-up with the
first drying phase, the slurry and the substrate were preheated to the
desired drying temperature (T= 40, 50, 60, 70, and 80 °C).

During drying, the decrease in film thickness was analyzed by non-
contact coating thickness sensors (LK-H052, Keyence) via laser triangula-
tion with a sampling rate of 5 s�1. To eliminate measuring errors, the
height of the coating film as well as the position of the substrate was
measured so that the difference of the positions delivers the fluctua-
tion-adjusted coating film thickness. The whole measuring setup was
preheated to a constant temperature to account for the temperature
sensitivity of the setup. The measurements were repeated four times.

The temperature determination in the model experiments was carried out
using a single-wire thermocouple of type K with a free welded tip at a con-
ductor size of 0.076mm using the OM-USB-TC-AI data logger from OMEGA
Engineering. Due to the small size of the thermocouple, it is possible to mea-
sure the temperature of the coating surface. However, a slight penetration

60 

Figure 9. Pore size distribution for electrodes dried at different temper-
atures and exemplary secondary electron microscope (SEM) image of
the anode dried at 40 °C.
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into the coating cannot be completely excluded, so in the following, the deter-
mined temperature is referred to as the coating temperature TC.

To determine the solvent content during the drying process, the coated
film was scraped off with a spatula at specified times and weighed, before
the contained solvent was removed via heating and the sample was
weighed again.

Characterization of Electrodes: Using an SEM (EVO LS25, Carl Zeiss
NTS) with integrated EDX (Q455 CFlash 5030/300, Bruker AXS) the binder
distribution over the coating cross section was measured directly. During
the analysis of the binder distribution, elements of the binders that are not
present in the remaining solid components are evaluated. Therefore, the
sodium distribution is analyzed for water-based anodes. To be able to ana-
lyze the binder distribution in the electrodes, a cross-section of these is
made and the coating height was divided into four sections. The magnifi-
cation was adapted to the coating height in each case. Despite the advan-
tage of a direct measurement of the binder, this method has the
disadvantage of a small sample quantity. To counteract this, five measur-
ing points were analyzed in each of the four sections.

The adhesive strength of the electrode coating was measured with a
material testing machine (Z020, Zwick) with 68 N and a pulling speed
of 100mmmin�1 according to Haselrieder et al.[32] Statistical significance
was ensured by measuring 10 samples.

To analyze the electrode structure, the pore size distributions of the
dried electrodes were obtained by mercury intrusion (Poremaster 60
GT, Quantachrome), as described by Froböse et al.[33] Samples with an
area of 20 cm2 were measured in a pressure range between 7 kPa and
207MPa to investigate the volume of pores ranging from 1 nm to 200 μm.
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