
Dry Electrode Manufacturing in a Calender: The Role of Powder
Premixing for Electrode Quality and Electrochemical Performance
Andreas Gyulai,* Werner Bauer, and Helmut Ehrenberg

Cite This: ACS Appl. Energy Mater. 2023, 6, 5122−5134 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The dry manufacturing of battery electrodes has the
potential to significantly reduce costs and the environmental
impact of battery production but deteriorates the electrode quality
due to drawbacks in the processability of the materials. By varying
the mixing intensity of the powder mixtures, this work investigates
the impact of blend homogeneity on the flow properties and the
processability of the dry mixtures. Furthermore, the electro-
chemical performance of dry laminated electrodes made of
LiNi0.6Mn0.2Co0.2O2 is investigated with respect to their initial
mixture homogeneities and compared to slurry-based electrodes.
An improvement of the powder flowability is observed for mixtures
with a homogeneously distributed PVDF binder, which acts as a
temporary lubricant in dry electrode manufacturing due to its
ability to shear, resulting also in filament formation. Capacity and rate performance of electrodes made of homogeneous mixtures are
the highest with 169 mAh/g at C/20 and 70 mAh/g at 3C compared to 169 and 49 mAh/g for the slurry-based electrodes,
respectively. Cyclic voltammetry indicates lower overpotentials for incompletely homogenized electrodes due to the existence of
carbon black aggregates that establish better long-range conductivity. Overall, electrodes from highly homogenized powders show
the best electrochemical performance in terms of C-rate capability due to their favorable electrode thickness and porosity resulting
from better processability in combination with a sufficiently distributed carbon binder domain.
KEYWORDS: lithium-ion cathode, calendering, roll milling, solvent free, powder mixing, powder rheology

■ INTRODUCTION
The battery production capacity is increasing worldwide and
follows the demand driven by the electrification of the
transportation sector and the general shift toward renewable
energies, for all of which energy storage solutions are
necessary.1,2 Especially, high voltage battery systems such a
lithium-ion batteries (LIB) are needed in electric vehicles
(EVs), which accounts for almost 80% of the global LIB
demand.3 Therefore, the production capacity of LIB is
expected to increase about 20-fold until 2050.4 Despite many
developments in battery chemistry and manufacturing
optimization, electrode coating costs make up 25% of the
total battery production costs for EVs.5 With increasing
production capacities, further reductions of the electrode
manufacturing costs lead to significant economic advantages,
finally resulting in lower costs of the final products, such as
EVs, which would strongly enforce consumers shifting to more
sustainable technologies.

The state-of-the-art slurry casting process for electrode
manufacturing has seen many developments in the past few
years to increase product output while minimizing process
costs and maintaining the necessary electrode quality.6−8 Since
further optimization proves more and more difficult, alternative

electrode manufacturing processes have been investigated,
which have an advantageous process design either concerning
product quality and/or production costs.9−11 One of these
alternative approaches is the dry coating of electrodes. By the
elimination of the liquid solvents that are typically used in the
state-of-the-art process, the processing costs are reduced since
the energy-intensive drying step and solvent recovery become
obsolete. By this, the electrode production costs can be
decreased by 19−22%, which accounts for 1.8−2.6% of the
total battery pack cost, not yet including the solvent material
costs and the significantly reduced plant space.12

For the manufacturing of porous electrodes in a dry process,
two variants show promising results and receive attention from
the industry to be adapted on a large scale: electrostatic spray
coating and roll-to-roll calendering.13−16 While the electro-
static spray coating is versatile in terms of electrode
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characteristics, such as thickness, porosity, and composition,
and can produce good quality electrodes, it is challenging to
scale up and necessitates rigorous safety measures due to the
vaporization of the electrode components, which are most
often hazardous and highly explosive when strongly
aerated.14,17 The roll-to-roll calendering process has the
advantage of a simple process design where the battery
powders are mixed and consequently compressed to an
electrode sheet between two rolls followed by a second
calendering step where the lamination to the current collector
takes place.16 Low equipment, plant space, and energy
requirements are needed, and upscaling by numbering up is
easy. Challenges yet to overcome by the process are the limited
flow properties of the battery materials often leading to inferior
electrode quality in terms of electrochemical performance as
well as electrode thickness and density homogeneity.15 Despite
a simple process design, the processability of a dry powder
mixture depends on a multitude of material and process
parameters that are intercorrelated, while material properties
and composition must be optimized for their electrochemical
performance rather than for processability.

In this work, the manufacturing of porous LIB cathodes with
LiNi0,6Mn0,2Co0,2O2 (NMC622) as active material (AM) using
a two-roll calendering process is investigated. Special emphasis
is laid on the influence of mixing homogeneity as well as
deagglomeration and distribution of particles in the powder
mixture. For mixtures with different mixing intensities, the
processability, flow properties, and electrode morphology are
analyzed. Finally, electrochemical performance of the resulting
electrodes is determined and compared to state-of-the-art
electrodes. The influence of the mixing homogeneity and the
unique morphology caused by the dry processing are
evaluated.

■ THEORY OF CALENDERING
Calendering is the compaction process between two rolls of a
roll mill. In battery production, calendering is commonly used
to evenly compact cast electrodes to a desired thickness and
porosity. By this, the electric conductivity of the electrodes can
be improved and the adhesion to the current collector can be
increased.18 Additionally, the energy density is increasing due
to the lower porosity of the electrode layer.

In dry electrode production, calendering is used for the
formation of the electrode in the first place and depending on
the process can be repeated to further compress the electrode
or to laminate it onto the current collector.16 Therefore, the
aim of the calendering step is not pure compaction, and the
process setup and parameters vary from the common
compaction process. The characteristic functions of calenders
and the basic mechanical principles concerning the formation
of electrodes are presented in this section.
Calender Functions. In dry powder calendering, the

powder is fed into the calender gap horizontally or vertically
either by gravity or by pressure through, e.g., extruders. Figure
1 displays the process and highlights the main characteristics of
the calendering process, assuming a vertical feed by gravity
only.19

The compaction process can be separated into two distinct
zones, the “feed zone” and the “nip zone”, which are defined by
the angles αF and αN, respectively.20−23 In the feed zone, the
powder transport into the calender gap takes place by the
friction between the particles and the roll surface. Powder in
the bulk of the feed zone is further carried out into the

calender gap by the internal friction of the powder and the
speed difference of neighboring particles. This speed difference
is created by the roll speeds u1 and u2 being unequal,
introducing a speed profile into the powder bulk. This relative
movement of particles causes the establishment of shear planes
approximately parallel to the roll surface at a given angle.19,24

The angle defining the feed zone is strongly dependent on
process and material parameters, which influence friction and
shear.

The nip zone, defined by the angle αN, is the region of the
calender gap where purely compaction takes place.19,24,25 At
the interface between the feed zone and the nip zone, the
shearing of the powder reaches zero and the material pressure
in the calender gap PM increases rapidly with decreasing angles
and widths of the calender gap.19 The pressure in the material
is normal to the roll surface, therefore, at low angles almost
opposite to the calender pressure. The material pressure can
exceed the hydraulic pressure PH, thus causing one of the rolls
to move on its horizontal axis and opening the calender gap.
Therefore, the calender gap width resulting during stationary
compaction depends on the frictional and shear behavior of the
material system and is not a preset process parameter.23,24

Roll surface morphology, roll material properties, working
pressure and speed, and roll diameter are relevant parameters
in the design of the calender, while particle size and
distribution, particle morphology, material composition, state
of mixture, and surface chemistry of the powder components
are relevant material properties that have to be considered for
dry coating.24 The calculation of the friction conditions and
the resulting feed and nip zone angles can be approximated
using numerical methods and simplifications19,26−28 but often
lack the precision due to the multitude of parameters, which
are difficult to quantify.24

Calender in Dry Electrode Manufacturing. Meanwhile,
in slurry-based electrode manufacturing, post-drying calender-
ing is used dominantly for compaction purposes and shearing
is to be avoided, and in dry electrode manufacturing, strong
compaction is undesired, especially for the manufacturing of
porous electrodes that are typically soaked with liquid
electrolytes in the final cell. In dry electrode manufacturing,
strong compaction leads to very dense electrodes and high
thicknesses due to immense pressure buildup; thus, the powder
becomes unable to flow and shear through the calender gap to
form thin and porous electrodes. Additionally, the pressure
buildup in solid particulate systems is generally inhomoge-
neous due to the multitude of point contacts, leading to
electrodes with very inhomogeneous thickness and density
profiles.29 To promote electrode formation with higher

Figure 1. Scheme of a vertical powder calendering process with the
distinct gap zones and characteristic parameters.
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porosity and lower thickness, as well as homogeneous density
profiles, the feed zone of the calender has to be maximized
while the nip zone is minimized to increase the shear zone for
an even powder distribution and exert only the minimum
necessary compaction to form mechanically stable electrodes.

The calendering process design changes significantly from
the common electrode calendering and aims to promote
shearing of the powder. This can be achieved using calender
rolls with specifically designed surface morphology and
properties for optimized friction between the roll surface and
battery powder. Additionally, shearing can be promoted by
calender rolls working at different rotation speeds, leading to a
speed profile over the width of the powder bulk. With
increasing speed differences between neighboring particles,
shear planes in the powder can be promoted. Low working
pressures of the calender rolls introduce minimal compaction,
thus low normal loads resulting in less particle−particle
friction. Finally, powder preparation steps can be applied in
the form of specifically designed powder mixing procedures. A
homogeneous particle mixture is not only necessary to achieve
high homogeneity in resulting electrodes in terms of additive
distribution and density profiles but also beneficial for the
flowability of the powder during calendering. Thus, it has a
strong impact on the shear behavior and the development of
the feed zone.

Beyond changes in the process design, adaptations in the
material selection can influence powder flow and shear
behavior significantly. Beneficial for the dry manufacturing
process are all materials with low cohesion and friction
coefficients since these need the lowest shear forces at a given
normal load. Therefore, spherical particles with low surface
roughness and area are optimal for dry electrode manufactur-
ing in a calender. These properties are often seen in AM
particles,30 which exhibit good flow properties, but the exact
opposite is the case for carbon black (CB) additives, which
decrease the flowability of the powder blend. Since the desired
beneficial particle properties for processing are often
disadvantageous for electrochemical performance, a compro-
mise has to be found.31 Materials such as graphite can be
introduced to the particle blend to facilitate shearing in the
feed zone due to the plate-like structure of the graphite
particles, which are easily sheared apart.32 Graphite can not
only serve as a lubricant in this way but also helps establishing
a long-range percolation of the electrically conductive carbon
network. Finally, the selection of the binder can strongly
improve the shear behavior of the particle blend. By using a
binder with very low primary particle size, a fine distribution of
the binder on the AM surface can be achieved. With polymers
being easily sheared under tension, especially at high
temperatures, the binder acts as a strong lubricant at
particle−particle contacts, thus promoting shearing in the
feed zone.33

■ METHODS
Electrode Composition and Materials. The electrodes are

composed of 93.5 w/w% LiNi0.6Mn0.2Co0.2O2 (HED NMC622,
BASF, Germany) as active material (AM), 3 w% PVDF binder
(KYNAR HSV900, Arkema, France), 2.5 w% conductive carbon black
(CB) (Super C65, Imerys, France), and 1 w% conductive graphite
(KS6L, Imerys, France). A 17 μm-thick precoated aluminum foil was
used as the current collector, with the coating consisting of a sub-
micron binder and conductive carbon layer (En’Safe, Armor, France).
The primer layer improves electrical contact and adhesion, facilitating
the lamination of the dry electrodes to the current collector. For

comparison, solvent-based electrodes of the same composition were
prepared using aluminum foil without a primer layer.
Electrode Manufacturing. Dry Process. The mixing of each

blend was performed in three consecutive steps in a planetary mixer
(Thinky ARV-310, Thinky USA Inc., USA). In the first step, only AM
and binder were mixed. For the next step, CB was admixed, and in the
last mixing step, conductive graphite was further added. The mixing
time for each step was 1 min, the revolution speeds are given in Table
1 for each mixing step, and the rotation speed is half the revolution

speed. In total, three mixtures were prepared with increasing mixing
intensity and were further on referred to as the low intensity mixture
(LIM), the medium intensity mixture (MIM), and the high intensity
mixture (HIM).

The electrodes were formed by calendering in a two-roll mill in a
batch process (GK-300 L, Saueressig, Germany). The calender rolls
(200 mm diameter) were heated to 180 °C, and the line load was 230
N/mm at an average feed width of 80 mm. A minimum gap width of
80 μm between the two rolls was ensured by a manual wedge,
blocking further gap narrowing. The two rolls were run in opposite
directions at different absolute speeds, with the fast roll turning at 0.1,
1, 3, and 5 m/min and the slow roll at 10, 20, and 30% relative to the
fast roll, respectively. Therefore, 12 different roll speed settings were
used, e.g., the fast roll turning at 5 m/min and the slow roll at 1.5 m/
min for the settings of 5 m/min and 30%. For each setting and
powder mixture, 10 g of feed was added manually and vertically into
the calender gap, producing approximately 100 mm wide and 500 mm
long electrode sheets. From the resulting self-supported electrodes,
discs of 14 mm diameter were punched and laminated in the second
calendering step to the precoated aluminum foil. For this step, the
temperature and pressure remained unchanged, and the roll speed was
equal for both rolls at 0.1 m/min. The minimum gap width was set to
be 3 μm lower than the sum of aluminum foil thickness and electrode
thickness to ensure minimal compression.

Slurry-Based Process. Mixing of the slurry was carried out in three
steps using a planetary mixer (Thinky ARV-310, Thinky USA Inc.,
USA). First, the PVDF stock solution in N-methyl-2-pyrrolidone
(NMP) and the CB was mixed. Second, the AM and graphite were
added and homogenized. Third, the slurry was homogenized over 15
min and NMP was added gradually until the slurry reached a solid
content of 70 w%.

The slurry was coated onto the plain aluminum foil with a roll-to-
roll coater (KTF-S, Matthis, Switzerland) at 0.2 m/min with two
drying steps at 80 and 120 °C. The dried coating was calendered to a
porosity of approximately 30%, like the dry manufactured electrodes
using a labscale calender (GKL400, Saueressig, Germany).
SEM and EDS Imaging. Scanning electron microscopy (SEM)

micrographs were recorded using a field-emission scanning electron
microscope (Supra 55, Zeiss, Germany). Energy-dispersive X-ray
spectroscopy (EDS) was conducted using an Ultim Extreme silicon
drift detector (Oxford Instruments, UK) with an acceleration voltage
of 4 kV. Cross sections of the electrodes were prepared with an ion-
beam mill (EM TIC3X, Leica Microsystems, Germany) using argon
ions at an acceleration voltage of 6.5 kV and 3 mA gun current.
Powder Resistivity. A sample of 2 g of each dry powder mixture

was filled in an insulating polymer cylinder and contacted vertically by
copper pistons. A normal load of 80 N was exerted onto the powder
through a piston with a diameter of 24 mm using a static material
testing machine (ZwickiLine, ZwickRoell, Germany). The height of

Table 1. Mixing Parameters of the Planetary Mixera

NMC622 + HSV900
in rpm

NMC622 + C65 in
rpm

NMC622 + KS6L in
rpm

LIM 500 500 500
MIM 700 1000 500
HIM 1500 2000 1500

aOne minute mixing time for each setting given in revolution per
minute. Rotation per minute is half of the revolution.
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the compressed powder bulk was recorded, and the resistance
between the two pistons was measured using a multimeter
(Fluke8842A, Fluke, USA). The measurement was repeated five
times for each powder mixture. The powders were tested with a DC
polarization method to have a purely ohmic and linear current
response to potential steps, as shown in Figure S8 in the Supporting
Information. Thus, resistivity measurements with the multimeter offer
equivalent results.
Powder Rheology. The internal friction coefficient of the

mixtures was measured with an automated ring shear cell (RST-01,
Dietmar-Schulze Schüttgutmesstechnik, Germany) derived by the
procedures of a Jenike shear cell and further developed by Schulze.34

For selected consolidation pressures (5, 50, and 150 kPa), the yield
locus was repeatedly measured at room temperature at different
normal loads and the effective flow curve was determined. From the
angle of the effective flow curve, the angle of internal friction was
determined, where the internal friction coefficient was calculated.
Coin Cell Preparation and Electrochemical Testing. Punched

electrodes with a diameter of 12 mm were dried for 24 h in vacuum at
80 °C (VDL23, Binder GmbH, Germany). Cell assembly was
conducted in a glovebox under an argon atmosphere (MB 200B,
MBraun, Germany) using CR2032 stainless steel coin cell parts
(Hohsen, Japan). A 16.5 mm diameter disc of a glass fiber filter (GF/
C, Whatman, USA) was used as the separator, and 200 μL of the
LP30 electrolyte (Merck, Germany) was added, thus approximately
18−20 μL/mg. Lithium discs (MTI Corp., Canada) were used as the
anode with a total thickness of 1.5 mm. The cells were crimped with a

pressure of 51.7 bar using a compact hydraulic press (MSK-110, MTI
Corp., Canada). The coin cells were rested for 24 h before testing.

Cell tests were performed between 3.0 and 4.2 V at a constant
temperature of 25 °C (MPG2, BioLogic, France), and 175 mAh/g
was used as the reversible capacity for NMC622. Two formation
cycles were performed at 0.05C followed by three cycles at 0.1C.
Subsequently, 10 cycles were performed at discharge rates of 0.5C,
1C, 2C, 3C, and again 0.5C, while charging rates were symmetrical
until 1C. At high discharge rates, charging was performed asym-
metrical, remaining at 1C. At C-rates of 0.5C and above, constant
current−constant voltage (CCCV) charging was performed, with a
cutoff current equal to 50% of the corresponding C-rate.

Long life cycling was done with the same coin cell setup between
3.0 and 4.2 V versus a graphite anode (1:1.2 balanced). First, the same
C-rate capability test was performed. Then, long-life cycling consisting
of 49 cycles at 1C symmetric charge and discharge followed by one
cycle at C/20 in a repeating pattern was performed. For all cycles,
CCCV cycling was done with a cutoff current equal to C/20.

Cyclic voltammetry (CV) was performed using the same cell setup
and potentiostat from 3 to 4.2 V at 25 °C. After a resting time of 6 h,
two formation cycles were performed at a voltage step of 0.017 mV/s
followed by three cycles at a voltage step of 0.034 mV/s.
Subsequently, 10 cycles were performed at 0.17, 0.68, and 3.4 mV/
s. The last 50% of each step response was used for the calculation of
the corresponding current.

Figure 2. Representative SEM images of the (a) LIM, (b) the MIM, and (c) the HIM. (d) Electric resistivity of the corresponding powder mixture
bulk at a normal load of 80 N and sample diameter of 24 mm. The scattering of resistivity values is indicated by standard deviations from five
independent experiments.
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■ RESULTS AND DISCUSSION
Mixture Homogeneity. The battery mixtures have been

analyzed after the mixing step with respect to the particle
distribution of the different components, the degree of
deagglomeration of the conductive carbon and the binder,
and the homogeneity of the redistribution of the aggregates
and primary particles on the active material surface. For a
qualitative analysis, SEM imaging has been conducted. A
representative image for each mixture is given in Figure 2. To
ensure statistical credibility of the representative image, several
samples of each mixture were analyzed with a high number of
images, and some more are shown in the Supporting
Information in Figures S1−S3. Additionally, the electric
resistivity of the powder mixtures under a constant normal
load was measured for each battery mixture and is shown in
Figure 2d.

As seen in the SEM image in Figure 2a, the initial CB and
PVDF agglomerate particles are still intact in the LIM, with
only a few aggregates occupying the surface of the AM. Since
the CB as well as the PVDF is added to the particle blend
initially as agglomerates, the impact forces during mixing seem
to be insufficient to break up the additive agglomerates.
Nevertheless, the additive agglomerates and a few broken
aggregates are homogeneously distributed through the particle
bed, showing a decent homogenization of the components. In
the HIM, both the CB and the PVDF particles have been
completely separated to either aggregates or primary particles
and are redistributed among the AM surface (Figure 2c). The
additives are fixated on and cover the majority but not all of
the AM surface, allowing good pathways for ion diffusion and
intercalation into the AM. The redistribution of the additives is
homogeneous through the mixture, every single AM particle
being covered by both CB and PVDF. The MIM is an
intermediate between the LIM and HIM, where the additive
particles are partially deagglomerated but not homogeneously
redistributed over the AM surface. Thus, they are not fixed in
position and partly occupy single AM particles while other AM
particles remain free of additives. In all mixtures, the graphite is
added last, and since it is not consisting of agglomerate
particles, it is merely homogeneously distributed in the particle
blend and acts as a shearing aid during calendering.

The measured electric resistivities of the powder blends
under a normal load of 176.8 kPa are 1793, 226, and 135
Ohm*cm for the LIM, MIM, and HIM, respectively (Figure
2d). The resistivity of the LIM is significantly higher compared
to the other mixtures, which falls in line with the results of the
SEM imaging. The CB agglomerates are mostly intact in the
LIM, causing a high local concentration of CB. This prevents
the formation of extended conductive pathways through the
particle bed at a given concentration of 2.5 w/w% CB, which is
insufficient to achieve a good percolation. With advanced
deagglomeration achieved for the MIM and HIM, the
resistivity significantly decreases. The minor difference
between the measured resistivities of the MIM and the HIM
is caused by the difference in aggregate redistribution. The
more homogeneous redistribution of the CB aggregates over
the AM surface in the case of the HIM increases the presence
of CB at every particle−particle contact, thus resulting in the
best CB percolation. Although the homogeneous distribution
of the PVDF binder has an insulating effect, the CB is mingled
with the binder, assuring good electric conductivity through
the particle bed by forming a sufficient carbon binder network.

Flow Properties. The internal friction coefficients of the
mixtures have been determined by shear cell measurements at
different normal loads at room temperature as described in the
Methods section. The results are shown in Figure 3.

The internal friction of a powder is influenced not only by
parameters such as particle size, particle shape, and surface
roughness but also material properties, surface charges, crystal
structure, and many others.35,36 The measurement of internal
powder friction is done with purely mechanical and relatively
simple methods for such a complex concept; therefore, the
acting forces are generally summarized into cohesive and
mechanical/frictional forces.34 Cohesive forces are dominant at
low normal loads since they incorporate material and surface
chemistry specific attractive forces, which are rather
independent of the acting normal load. This correlation can
be observed in Figure 3 for low normal loads, where internal
friction of all material blends is similar to the one of pure
NMC622. Since the AM represents the majority of the blend
mass and also volume, the cohesion of the NMC622 is the
major contribution to the overall friction coefficient, especially
for the LIM and MIM with their inhomogeneous distribution
of the additives. In the case of the HIM, the friction coefficient
is slightly increased by the homogeneously distributed PVDF
across the AM surface, which is strongly cohesive due to its
high molecular weight, thus strong van der Waals forces and
high mechanical interlocking.37 With increasing normal loads,
the cohesion of the materials becomes insignificant compared
to the mechanical friction, which is dominantly caused by
mechanical interlocking of rough surfaces. The powder blends
have a significantly higher friction coefficient than the pure
NMC622 caused by the CB and its very high surface area and
rough particle morphology. At 50 kPa and even more at 150
kPa normal load, the HIM exerts a significantly lower friction
coefficient than the other blends. Now, the homogeneously
distributed PVDF acts as a lubricant between the AM particles
since the PVDF has the ability to shear under a given shear
force. The necessary force needed for polymer shearing can be
quite independent on normal load and is attributed more to
the polymer structure and the stress development inside the
material.33 Nevertheless, with increasing normal loads, thus
AM and CB friction, the polymer more and more acts as a
lubricant during shearing, represented by the low friction
coefficients of the HIM in Figure 3.

Figure 3. Internal friction coefficients of the LIM, MIM, and HIM at
different normal loads and room temperature determined by shear cell
measurements.
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It has to be noted that the friction measurements were done
at room temperature due to the limitations of the equipment.
The measured quantities are based on solid polymer shearing
as well as surface properties at room temperature. Although
surface properties are not expected to change significantly
between room temperature and 180 °C during calendering, the
melting temperature of the PVDF is at approximately 165 °C,
thus lower than processing temperature. In the liquid state, the
force needed to shear the PVDF is expected to be significantly
lower than in the solid state, increasing the role of the binder as
a lubricant during calendering.38 Additionally, in a liquid state,
the molten PVDF shear behavior is even less subject to
pressure changes; thus, with increasing normal loads, the
lubricating effect is more promoted.39

Processability. The processability of the mixtures was
qualitatively analyzed by their capability of forming self-
supported electrodes for a given set of process parameters and
quantitatively by the resulting calender roll gap width and final
electrode thickness. Calender gap width and electrode
thickness both give information about the flowability of the
powder mixtures under the applied calender pressure, but the
absolute values of these quantities can be significantly different;
therefore, both have to be considered individually. Addition-
ally, the gap width can be measured even when no self-
supported film could be formed, thus giving information for all
applied process parameters. The ability to form self-supported
electrodes for a given set of roll-speed parameters is
qualitatively displayed in Figure 4.

The LIM is able to form an electrode for the smallest range
of process parameters. Without breaking up the additive
agglomerates, the binder distribution is insufficient to obtain
the necessary cohesion to form a mechanically stable sheet.
With increasing shear rate, the processability of the LIM is
increasing due to the deagglomeration and shearing of the
binder during calendering, which enhances the distribution of
the binder throughout the particle mixture. The MIM was
unable to form electrodes for only low shear rates during
calendering. For the used material composition, the deagglom-
eration and shearing of the binder in the calender gap were
enough to obtain the necessary mechanical strength. The HIM
was able to form an electrode for most process parameter
settings. Due to the deagglomeration of the PVDF and the
homogeneous redistribution of its primary particles on the AM
surface, good cohesion was achieved through the compaction
and melting in the calender gap. Therefore, the HIM could

well form mechanically stable electrode sheets. Although the
ability to form mechanically stable electrodes correlates with
the binder distribution and increasing shear rates, none of the
mixtures was able to form an electrode at 5 m/min and 30%
relative speed of the slower roll. This is caused by the nature of
the material feeding process into the calender gap. Since the
powder is fed manually into the gap zone and no pre-pressure
is applied to the resulting powder bulk in the gap, the refilling
of the nip zone is caused by gravity and the friction between
the particles and the rolls. Meanwhile, at 5 m/min, relative
speeds of 10 and 20% for the second roll introduce enough
shearing to the powder to continuously refill the nip zone, and
at 30%, the refill begins to become inhomogeneous, resulting
in gaps and holes in the electrodes. Therefore, a pre-pressure
should be applied to the powder feed for faster rotations of
either roll by a controlled feeding system. The gap widths
during processing of the HIM at given process parameters are
shown in Figure 5.

Figure 5a shows the gap width of the calender rolls over the
produced electrode length for the HIM at a constant roll speed
but different relative speeds. With decreasing speed ratios, thus
with increasing speed difference between the rolls, the
electrode results in a thinner sheet with a more homogeneous
thickness. Due to higher speed differences between the rolls, a
higher shear rate is applied on the powder, increasing the feed
zone and decreasing the compaction zone, thus shifting the
processes in the calender gap away from compression to
powder flow. Figure 5b shows the gap width of the HIM over
the electrode length at a constant relative speed but at
increasing absolute speeds. With increasing absolute roll speed,
the gap width is increasing less and is more over the length of
the electrode. As long as the rolls are not run at equal speeds,
an increase in the absolute roll speed also increases the shear
rate; thus, powder flow is promoted.

The processability of the powder mixtures was further
analyzed by the resulting electrode thicknesses, which are
shown in Figure 6 with the high shear process parameter
settings in Figure 6a to the low shear settings in Figure 6c. At
the settings with the highest shear rate (10%, 5 m/min; Figure
6a), all three mixtures resulted in electrodes with a similar
thickness of approximately 80 μm and a reduction in absolute
speed leads to an increase in electrode thickness, especially for
the LIM and MIM. The thickness of the HIM remains at
approximately 80 μm for all absolute speeds at 10%, except for
0.1 m/min, where it is significantly higher than the thickness of

Figure 4. Ability of the powder mixtures to form self-supported electrodes at a calender line load of 230 N/mm and different absolute and relative
roll speeds: (a) LIM, (b) MIM, and (c) HIM.
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the LIM and MIM. This indicates that the HIM is much less
processable at this exact parameter setting than the other
blends. This result is surprising since at even lower shear
parameters at 0.1 m/min absolute speed and 20% relative
speed (Figure 6b), the thickness of the HIM is lower. This
result was completely reproducible, canceling out the
possibility of a measurement error, but no sufficient
explanation for this behavior was yet found, thus remaining
as the object of further investigation. At medium and low shear
parameter settings (Figure 6b,c), a clear trend to thicker
electrodes can be observed for decreasing absolute speeds, thus
decreasing shear. The LIM and MIM have higher electrode
thicknesses over the analyzed parameter range when electrodes
could be formed at all. At a relative speed of 30% (Figure 6c),
the formation of intact electrodes was almost not possible for
the LIM and partly the MIM, indicating that the powder was
barely processable due to bad flow behavior and insufficient
mechanical stability caused by inhomogeneous binder
distribution. This mechanical instability also leads to the
inability of the LIM to form electrodes at 5 m/min and 10%
(Figure 6a) and at 0.1 m/min and 20% (Figure 6b).

SEM imaging of the laminated electrode’s cross sections
reveals additive agglomerates and inhomogeneous additive
distribution for the LIM, as can be seen in Figure 7a. The MIM
cross section reveals significantly fewer and smaller additive
agglomerates but shows occasional PVDF filament formation,
although the additives are not homogeneously distributed
(Figure 7b). The cross sections of the HIM show significant
PVDF filament formation and homogeneous distribution of
the additives (Figure 7c). The filaments were formed by
shearing during calendering; thus, they mainly stretch in a
direction parallel to the established shear planes. The PVDF

filaments are dominantly observed in the HIM and cause the
improved processability of this powder blend compared to the
LIM and MIM at the given process pressure and roll speeds.
The dimensions of the filaments can vary depending on the
amount of primary PVDF particles present at the contact
points during shearing and can range from tens of nanometers
to bundles in the range of micrometers. The deagglomerated
carbon black is attached to the PVDF fibrils, ensuring sufficient
electric conductivity. The cross section of the NMP-based
electrode shows large pores devoid of additives as well as areas
densely packed with agglomerates of CB and PVDF (Figure
7d). This kind of inhomogeneous distribution is characteristic
for the whole bulk of the NMP-based electrode.

Figure 5. Calender gap width during electrode fabrication over the
length of the electrode for 10 g of powder feed. (a) HIM at 1 m/min
absolute speed and different relative speeds. (b) HIM at 20% relative
speed and different absolute speeds.

Figure 6. Thickness of the resulting electrodes of the mixtures at
different absolute and relative speed settings of the calender rolls and
a line load of 230 N/mm: (a) 10% relative speed, (b) 20% relative
speed, and (c) 30% relative speed.
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While the PVDF filament formation during dry calendering
is an advantageous phenomenon for the powder processability
and the electrode stability, its final effects on cycling
performance are not well investigated yet.

EDS analysis of the cross sections has been conducted to
investigate the additive distribution homogeneity in more
detail (Figure 8). The carbon signal of the LIM shows big
agglomerations of CB, stretching over a wide area of the
electrode. Due to the lack of fluorine signal in these areas, it
can be concluded that CB has to be the major source of these
signals. On the other hand, many interparticle spaces are
devoid of carbon and fluorine signals (areas where individual
AM particles are difficult to identify). Thus, additive
homogeneity is very low. For the MIM in Figure 8b, only
smaller CB agglomerations are detected, indicating that the
deagglomeration during mixture preparation was translated via
the manufacturing process into the electrode layer. Again,
interparticle spaces are found that are devoid of both CB and
PVDF. Nevertheless, individual AM particles are more easily
identified, indicating a slightly higher additive distribution
homogeneity. The carbon and fluorine signals of the HIM in
Figure 8c are evenly spread through the electrode and can be
found distributed around most of the AM particle surface. The
AM particles are easily identified, thus indicating a high
additive homogeneity. The carbon signal of the NMP-based
electrode in Figure 8d shows no clear CB agglomerations, but
areas devoid of CB. The fluorine signal is evenly spread
through the electrode, indicating a very homogeneous PVDF
distribution. The distributions of the CB and PVDF are linked

in a way that PVDF is detected where CB agglomerations are
found, but not necessarily vice versa. By this, it is possible that
a part of the binder network remains insulating due to a lack of
CB caused by its inhomogeneous distribution. The CB
distribution of the NMP-based electrode is rather comparable
with the LIM or MIM, while the HIM has a significantly more
homogeneous CB distribution and a similar PVDF distribution
through the electrode bulk.
Electrochemical Characterization. Cyclic voltammetry

has been performed for all electrodes to analyze the redox
potential of the AM (Figure 9a) and the increase in the
overpotentials at higher scan rates (Figure 9b).

At a low scan rate (Figure 9a), all electrodes have a peak at
around 3.73 V, which is a characteristic value for the Ni redox
couple. The shoulder toward higher potentials indicates a split
of the redox couple into two steps, namely, Ni2+/Ni3+ and
Ni3+/Ni4 +.40 At a higher scan rate (Figure 9b), the two redox
steps cannot be distinguished due to a broadening of the peaks
caused by kinetic limitations. Additionally, the redox peaks
during charge and discharge drift apart caused by increasing
overpotentials at higher scan rates, which means higher
charging currents. While the MIM, HIM, and NMP-based
electrode peaks lie at a similar potential, the LIM shows a
slightly higher overpotential. Furthermore, the current peaks of
the LIM and NMP-based electrode are lower than those of the
MIM and HIM, indicating a lower charge and discharge
current at the corresponding peak potentials.

The C-rate capability of the dry manufactured electrodes has
been compared to a NMP-based electrode with the same

Figure 7. SEM imaging of the cross section of the laminated electrodes: (a) LIM, inhomogeneities highlighted in green; (b) MIM, minimal
filament formation highlighted in yellow; (c) HIM, filaments highlighted in yellow; (d) NMP-based electrode, PVDF + CB agglomerate highlighted
in green.
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composition and relatively similar cell characteristics, such as
thickness, porosity, and active mass loading. The results are
shown in Figure 10, and the cell characteristics are given in
Table 2.

The initial capacity at a C-rate of C/20 spreads from 169
mAh/g for the HIM and the NMP-based electrode to 160

mAh/g for the LIM and 145 mAh/g for the MIM. The
capacity of the MIM at low C-rates is significantly lower
compared to the other electrodes, and the standard deviation is
higher. While the AM of the HIM is homogeneously covered
with lubricating PVDF and the LIM has additive agglomerates,
which can accommodate certain compression during calender-

Figure 8. EDS analysis of the carbon and fluorine signals of the produced electrode’s cross sections: (a) LIM, (b) MIM, (c) HIM, and (d) NMP-
based electrode.
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ing, the MIM lacks both. Since the CB is deagglomerated, it
occupies the inhomogeneously distributed PVDF, making it

less available to fulfill its role as a binder. Therefore, during the
calendering of the MIM, areas are generated with a lack of
binder between the AM particles. These parts of the electrode
suffer from very low cohesion and can easily result in crack
formation from the stresses during calendering. After crack
formation, small segments of the electrode are poorly
connected or even disconnected from the carbon binder
domain, resulting in a loss of active material.41 SEM images
showing crack formation due to a lack of binder in certain areas
of the electrode are given in the Supporting Information in
Figure S5. Cross sections at similar magnifications of the other
electrodes are given in Figures S4, S6, and S7 as reference.
With increasing C-rates, the MIM outperforms the LIM,
having a capacity of 58 mAh/g vs 40 mAh/g at 3C,
respectively. Although less AM particles are intact in the
MIM, the overpotential at high C-rates is lower due to a better
CB deagglomeration, as can be seen in the CV curves in Figure
9.

The HIM has the best C-rate capability with a high initial
capacity as well as the highest capacity at 3C with 70 mAh/g.
The porosity of the HIM is lower compared to the other
electrodes, which is expected to reduce the capacity at high C-
rates through ion diffusion limitations.42 Nevertheless, a lower
thickness and the homogeneous distribution of the CB
throughout the electrode are beneficial for both the ion
diffusion and electronic conductivity, finally resulting in a high
capacity in this comparison. At a direct comparison of the HIM
and MIM, and after considering the lower initial capacity of the
MIM, the rate capabilities of both electrodes are very similar,
maintaining a difference approximately as big as the initial
capacity difference. Therefore, it is assumed that the
deagglomeration of the CB and the resulting high electric
conductivity has the major impact on a better C-rate capability
in this comparison, while the differences in porosity and
thickness between the MIM and HIM are balanced out in
terms of ionic conductivity.

The NMP-based electrode has a similar initial capacity as
the HIM but has significantly lower capacity retention at
higher C-rates, with 49 mAh/g at 3C. Although thickness and
mass loading of the NMP-based electrode are lower and
porosity is higher than for the HIM, the subpar rate capability
of the NMP-based electrode is caused by an unfavorable
composition and inhomogeneous CB distribution. While the
ratio of CB and PVDF in the selected material composition is
optimized for the dry manufacturing, it is disadvantageous for
the state-of-the-art slurry casting process, and it has to be taken
into account for the direct comparison of the respective
electrodes. In a slurry casting process, the use of 2.5 w/w% CB
and 3 w/w% PVDF is an unbalanced ratio between the two
additives. SEM and EDS analyses show a quite homogeneous
distribution of the PVDF, but not of the CB. Either the initial
CB agglomerate particles are not deagglomerated sufficiently
during slurry preparation or reagglomeration takes place during
electrode casting or drying. By this, the added amount of CB is
insufficient to provide good conductivity throughout the
carbon binder matrix, thus leading to high overpotentials
during charge transfer while locally hindering ion diffusion as
well. Additionally, the homogeneous distribution of the PVDF
on the AM surface can insulate the AM particles, if CB is
locally missing. In the dry manufacturing process, even for the
HIM, the binder is not as homogeneously distributed as in the
slurry casting method since it was not dissolved. Therefore, a
part of the used binder is present in small agglomerates or in

Figure 9. Cyclic voltammetry of the dry processed electrodes at scan
rates of (a) 0.017 mV/s and (b) 0.17 mV/s.

Figure 10. C-rate capability test of the dry manufactured electrodes
from the investigated powder mixtures compared to a state-of-the-art
NMP-based electrode vs lithium anode. Averaged results from five
cells of the dry electrodes and two of the NMP-based electrode. The
colorful shadowed areas show the standard deviation of the discharge
currents.

Table 2. Electrode Characteristics, Averaged for Five Cells
per Electrode Type

electrode
thickness in

μm porosity
AM mass loading in

mg/cm2

LIM 86.9 ± 6.7 0.35 ± 0.02 22.3 ± 1.3
MIM 81.7 ± 1.4 0.34 ± 0.01 21.4 ± 0.8
HIM 72.1 ± 4.4 0.30 ± 0.02 20.1 ± 1.2
NMP-based 63.5 ± 0.1 0.30 ± 0.01 17.5 ± 0.1
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the form of filaments and thus is less active in its role not only
as the binder but also as the insulator. This effectively tilts the
ratio between the CB and the active PVDF in favor of the CB,
resulting in lower overpotentials for the HIM and even the
MIM.

Finally, the long-life cycling behavior of the produced
electrodes has been compared over the length of 800 cycles at
a relatively low C-rate of 1C. The results are presented in
Figure 11.

The discharge capacities of the MIM, HIM, and NMP-based
electrodes at the start of the long-life cycling test are very
similar, with 149, 145, and 143 mAh/g, respectively. The
discharge capacity of the LIM is significantly lower at 120
mAh/g. This behavior translates well from the C-rate capability
tests, where the performance of the HIM, NMP-based, and the
MIM (after taking the low starting capacity into account) was
similar at 1C, while the LIM already shows lower rate
capability. The higher absolute values for the measured
discharge capacities compared to the C-rate capability test
come from the slightly different charging program, where in
long life cycles, the cutoff current of the CV charging step is at
C/20 instead of C/2 for the C-rate capability test. The curves
of the discharge capacity of the dry manufactured electrodes
run almost parallel, showing a similar degree of capacity loss
with approximately 18, 15, and 14 mAh/g for the HIM, MIM,
and LIM, respectively. Due to the minor differences in capacity
loss between the dry manufactured electrodes, the same
degradation mechanisms are expected. Inhomogeneous
additive distribution and binder filamentation seem to have
no major influence on the electrode degradation in terms of
discharge capacity loss. The NMP-based electrode, although
starting at a similar discharge capacity as the HIM and MIM,
shows a higher capacity loss during long life cycling of
approximately 36 mAh/g. Since additive distribution seems to
have no significant impact on the capacity loss, the only other
difference between the NMP-based and dry manufactured
electrodes is the dissolution of the PVDF. Potentially, the
dissolution of the PVDF is disadvantageous compared to the
melting of the binder in terms of long-life cycling behavior.
However, further research has to be conducted specifically on
the differences of the binder after dissolution or melting to

better understand the differences in degradation mechanisms
during long life cycling.

■ CONCLUSIONS
The understanding of the mechanical processes during dry
calendering can lead to substantial improvements of the
process. The impact of process and material parameters on the
friction and shear behavior of a powder blend plays a key role
for process optimization. Specifically, the mixture homogeneity
of a powder blend significantly impacts bulk characteristics
such as the internal friction of the powder. By introducing a
homogeneously distributed binder that can act as a lubricant
during dry electrode manufacturing in a roll mill, shearing
during the process was promoted and the processability
window could be enhanced. Furthermore, the electrode quality
was improved in terms of electrode thickness and capacity
retention at higher charge and discharge currents. An even
better understanding of the impact of material selection,
particle morphology, and particle redistribution during dry
mixing is expected to further improve dry electrode
manufacturing. Here, it seems possible to reach a level of dry
processing of electrodes that can be competitive to slurry-
based processes.
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