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Sodium-ion batteries are an emerging technology that is still at
an early stage of development. The electrode processing for
anode and cathode is expected to be similar to lithium-ion
batteries (drop-in technology), yet a detailed comparison is not
published. There are ongoing questions about the influence of
the active materials on processing parameters such as slurry
viscosity, coating thicknesses, drying times, and behavior during
fast drying. Herein, the expected drying time for the same areal
capacity of anodes (graphite vs. hard carbon) and cathodes
(lithium iron phosphate vs. Prussian blue analogs) are compared
based on respective specific capacities reported in the

literature. Estimates are made for the materials’ impact on
production speed or dryer length. Within the experimental part,
water-based slurries of the same composition are mixed using
different active materials according to identical procedure and
the viscosity is compared. When drying at a constant drying
rate (0.75 gm� 2 s� 1), lithium iron phosphate electrodes with
different areal capacities (1–3 mAhcm� 2) are shown to have the
highest adhesion. For high drying rates (3 gm� 2 s� 1) at constant
areal capacity, especially the investigated electrodes based on
hard carbon show that no binder migration occurs.

Introduction

Nowadays, the lithium-ion battery (LIB) is the state-of-the-art
battery technology and is considered the benchmark for many
fast-growing applications, such as mobile and stationary energy
storage. However, current LIB technology is facing substantial
challenges with respect to safety, sustainability, cost, and
especially raw material supply risks. While most of today‘s R&D
is concentrated on LIB related systems, shifting to novel battery

chemistries besides LIB may open effective ways to overcome
such challenges. Sodium-ion batteries (SIB) constitute a para-
digmatic example of such promising, alternative non-Li energy
storage system, following pioneering efforts and breakthroughs
from world-wide research teams.[1]

SIB components’ materials are abundant and easily acces-
sible. Much larger worldwide Na resources (2.36% of the earth’s
crust is sodium, compared to 0.0017% for lithium),[2] being free
of the necessity to use critical raw materials (CRM) such as
cobalt or graphite and the use of an aluminum current collector
for both electrodes promise a cost reduction and reduce supply
risks.[3] In addition, SIB function with a similar working principle
as LIB[4–7] and SIB production is considered as a drop-in
technology in terms of manufacturing protocols and equipment
as those required for LIB.[8] Therefore, the incentive for battery
manufacturers to switch to new battery technologies, such as
SIB is going to come down to the final cost per kWh and the
carbon footprint under forthcoming local legislation.[9] But,
although the first-generation commercial SIB products have
already entered the energy storage market[8] (e.g., Contempo-
rary Amperex Technology Co. Ltd, Faradion, TIAMAT), aiming
for light mobility and stationary applications, SIB still are only in
a preliminary stage. Despite the environmental, economic, and
long-term performance advantages, SIB cell production has not
established itself on the market yet. One reason may be that
the manufacturability and the electrode processing for different
material systems or particle morphologies are poorly
understood,[10–14] posing a greater risk for investment in large-
scale production than for established LIB systems. Focusing
mostly on lab-scale applications it is not clear from the
literature which challenges or opportunities are associated by
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changing from LIB to SIB. More specifically, electrode produc-
tion conditions for SIB vs. LIB are mainly unknown. The
constraints related to the production capacities and the
challenges that arise when the active material is changed from
LIB to SIB are to be discussed. This study compares materials
that are currently considered promising and are intended to
cover the capacity range to be a LIB substitute and show that
parts of the current global infrastructure investments in LIB cell
production could be used for SIB production as well.

Anode active material

Graphite (Gr) is commonly chosen as the primary active material
for anodes in LIB. Nevertheless, it is unsuitable for SIB due to
sodium’s limited ability to intercalate into Gr, resulting in
significantly reduced capacities.[15] As a result, amorphous
carbon materials, and predominantly hard carbon (HC), are
typically preferred as an anode in SIB, owing to their cost-
effectiveness and electrochemical performance.[16] HC is seen as
the current benchmark material for SIB regarding energy
density[17] and is primarily produced by the pyrolysis of
biomass[18–20] or synthetic organic materials. The inability of
these precursors to graphitize is attributed to their high oxygen
content and disordered structure. HC retains its disordered
structure alongside randomly oriented pseudo graphitic do-
mains, which exhibit larger interlayer spacing compared to
graphitic carbon. This unique characteristic allows the intercala-
tion of Na+ ions. HC also contains micro and mesopores, as well
as residual heteroatoms (such as N, S, P, B, etc.), which provide
additional storage sites for sodium and pathways for rapid Na+

ion transport. To develop suitable HC for SIB, it is necessary to
tune relevant properties, such as interlayer spacing, pore
structure, and the presence of defects and heteroatoms.
However, a comprehensive understanding of the mechanisms
involved in Na+ ion storage (which is still a topic of
discussion)[21] is crucial to design successful strategies for the
production of engineered HC.[2]

The primary challenge for HC is enhancing its storage
capacity and reducing the irreversible capacity loss in the first
de-sodiation step, to equal or surpass the capacity of Gr in LIB,
which reaches 372 mAhg� 1. Currently, practically measured
capacities for HC, typically evaluated in coin cells against
metallic sodium, range from 200 to 450 mAhg� 1.[1] The majority
of reported values in literature tend to average around
300 mAhg� 1.[22]

Cathode active material

Lithium layered transition metal oxides (LiTMO2) are some of
the most successful cathode materials for commercial LIB.
Similarly, NaxTMO2 are of particular interest for SIB due to their
high specific capacity, a variety of redox-active elements, and
the possibility for manufacturers to employ already established
synthesis processes from the LIB industry. Nevertheless, sodium
layered oxides encounter significant hurdles such as irreversible

phase changes during cycling, limited air stability, complex
charge-compensation mechanisms, and comparatively high
cost for the complete cell when compared to LiFePO4-based LIB
cells.[23]

Alternative promising cathode active materials of SIB are
polyanionic compounds and Prussian blue analogs (PBA).[24]

Polyanion-type materials exhibit high operating potentials due
to the inductive effect of polyanion groups. Their robust 3D-
framework significantly decreases the structural variations
during the de/intercalation of sodium ions. Moreover, the effect
of strong X� O (X=S, P, Si, etc.) covalent bonds can effectively
inhibit the release of oxygen. These advantages contribute to
the superior cycle stability and high safety of polyanion-type
materials. Among polyanionic compounds, vanadium (V)-based
polyanionic compounds have tended to receive more attention
in recent years due to their many advantages (cycle stability,
high voltage).[25–27] Many V-based polyanionic compounds
exhibit a high operating voltage of over 3.4 V (vs. Na+/Na)
owing to the inductive effect of polyanionic groups and V
redox.[25] However, their low electronic conductivity and limited
capacity still restrict a further application.

PBA have garnered significant interest in the field of SIB due
to their cost-effectiveness, easy synthesis, high working poten-
tials, high theoretical capacity, and low toxicity.[28] The general
chemical formula for PBA can be expressed as
AxM’[M(CN)6]1� y·z ·H2O, where Ax is an alkaline metal and M & M’
are transition metal cations.

Electrode processing and microstructure formation

One of the costliest steps in roll-to-roll electrode manufacturing
is the drying of the applied slurry (investment and energy
consumption). Cell costs can be significantly reduced by
increasing the throughput and shortening the length of the
dryer.[29] In this context, the drying time is a decisive production
factor for the analysis of the production speed and the required
dryer length. Reported electrode production (coating and
drying) speeds for LIB are in the range of 25–50 mmin� 1[30] or
higher (~80 mmin� 1).[31,32] High coating speeds of 50 mmin� 1

have been proven to be possible for high quality electrode
coatings (coating edge quality without coating defects) for
intermittent coating.[33] In principle, high production speeds are
associated with longer dryer length (at the same drying rate)
and, thus, related to higher investment costs. The literature
notes that the extension of the dryer presents an increased
need for control of process parameters and web tension.[30]

However, drying in electrode manufacturing and post
drying[34,35] currently still form bottlenecks that prevent an
increase of throughput for the entire electrode production,
which makes it necessary to reduce drying times. There is no
need to extend the dryer length if the drying rate after coating
could be increased to reduce drying times and increase
production rates. However, for most standard LIB electrodes,
faster drying can result in the depletion of binder in the vicinity
of the current collector and accumulation on the top of the
electrode in the direction of the separator.[10–12,36–38] This
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undesired migration results in a decrease of adhesion and
possibly leads to delamination of the electrode coating from
the current collector.[10,39–42] In parallel the inhomogeneous
distribution of binder and conductive additives after fast drying
causes decreases in cell performance due to the increase in
electrical and ionic resistances.[11,12,42–44] Binder migration occurs
during the microstructure formation of slurry-based electrodes.
After the application of the wet coating, the solvent evaporates,
and the microstructure of the porous electrode network is
formed. At the beginning of the drying process, the solvent
content corresponds to the initial solvent content of the slurry.
The evaporation of the solvent starts right after coating and the
film shrinks according to the adjusted drying rate until the final
dry-film thickness of the electrode is reached. At this point, the
particle system has formed a dense network (porous micro-
structure) with the final porosity still filled with solvent. The
solvent-filled pores empty by capillary transport. In this
emptying mechanism of a pore network with a pore radius
distribution, larger pores empty first, and smaller pores, filled to
the surface with solvent, remain filled and sucking solvent from
the larger pores towards the surface. Due to the randomly
distributed and still filled small pores on the surface of the
microstructure, the drying rate remains constant even during
capillary transport of the binder. This effect is known for many
porous material systems.[45–48] The binder (and possibly con-
ductive additive) is transported by advection through the
structure. With that process the concentration of binder near
the current collector decreases and near the separator side
increases,[12] resulting in a loss of adhesion and higher ionic
resistance.[10,11,49,50] It is shown in literature that the adhesion
force and the migration of the binder are closely interrelated
and the adhesion force is an indirect measure for the
homogeneity of the binder distribution at increasing drying
rate.[12,41,43] In addition, it is reported in the literature that the
loss of adhesion and, thus, a decrease of contacting with the
current collector results in an increase of electrical
resistivity.[12,36,50–52] Electrical pathways could be cut further by a
movement of the conductive additive during capillary transport.
However, this is only shown for higher areal loadings.[52]

One way to increase the drying rate without causing
deterioration of the electrode properties is to use small
particles. For HC and Gr it is known that by using smaller
particles, binder migration can be reduced or completely
prevented.[10,13] This effect is probably caused by a better
fixation of the carboxymethyl cellulose (CMC) and styrene-
butadiene rubber (SBR) elements with smaller particles. In
addition, it was shown for HC electrodes that up to very high
drying rates (10 s drying time, ~2.3 mAhcm� 2, 300 mAhg� 1)
there is no negative influence on the adhesion force and also
the ionic resistance does not increase, indicating the parallelism
of the property development of adhesion and electrochemical
performance with increasing drying rate.[10]

Another option to increase the drying rate significantly
without a change in adhesion force is the use of, for example,
NIR drying[39] or multi-stage drying profiles for industrial
drying.[43] Regarding the comparison of very different active
materials in this study, it is to be noted that except for Gr

electrodes with the one-component binder polyvinylidene
fluoride (PVDF) and the solvent N-methyl-2-pyrrolidone
(NMP),[43] it is not known how different electrode compositions,
binder systems, porosities, or active materials would affect the
design of a multi-stage drying profile.

Electrodes’ bending stiffness

In industrial manufacturing the dry electrodes are further
processed in roll-to-roll processes including many winding
operations.[30] During calendering some electrodes become
brittle depending on the materials and compaction rate.[53] The
electrode separator composite (ESC) is formed by stacking,
folding and winding operations, depending on the cell format.
During these manufacturing processes the electrodes undergo
mechanical stress.[54] Sufficient coating adhesion and mechan-
ically stable electrodes are required to avoid scrap. To gain
more insights into the mechanical stability of electrodes, Gupta
et al.[55] performed U-shaped, two-point bending tests on
single-sided coated NMC cathodes to investigate their bending
stiffness. The coating of the samples was subjected to tension
when the substrate was inside and to compression when the
coating was inside. Using this method, they determined the
elastic tensile and bulk moduli of the coating to understand the
expansion and contraction of the active material particles
during cycling. Schilling et al.[54] developed a test rig to
investigate the bending forces that occur during winding
processes for the cell assembly. The electrode is moved over a
predetermined radius while a force is applied. They evaluated
their experiments in terms of surface changes and contact
resistance and suggest minimum winding radii.

In this article, the expected drying time and electrode
properties for a switch in electrode production from corre-
sponding LIB to SIB electrodes for anodes (Gr vs. HC) and
cathodes (LFP vs. PBA) are analyzed. In order to be competitive,
the production speeds of SIB electrodes should not be lower
than those of LIB electrodes. Specific capacities from the
literature are used as a basis for a realistic comparison. Since
the SIB materials used have a lower capacity, an increase in
loading or production speed is required to achieve comparable
production capacities to LIB. Hence, the drying time is
calculated for different areal capacity and drying rates. The
drying rate is used as a universal parameter, which is trans-
ferable consistently between lab-, pilot- and industrial scale
electrode drying.[45] The production speed for a given dryer
length and the dryer length for a given production speed is
compared for all materials. The experimental section of the
paper compares the water-based processing of anodes and
cathodes. The viscosity at identical composition and identical
mixing parameters gives information about the relation
between slurry and particle properties. The adhesion and
microstructure formation are characterized by increasing areal
capacity (1, 2, 3 mAhcm� 2) and for different drying rates (0.75,
1.5, 3 gm� 2 s� 1) at a fixed areal capacity of 2 mAhcm-2 to
investigate the effect of binder migration. In addition, the
electrodes’ bending stiffness is investigated for increasing areal
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capacity for all materials, to be able to estimate the challenges
in the further processing of the electrodes.

Results and Discussion

Drying time, production speed, dryer length

For the comparison of LIB vs. SIB regarding electrode processing
and manufacturing parameters, anodes (Gr vs. HC) and
cathodes (LFP vs. PBA) are used. Figure 1 shows scanning
electron microscopy (SEM) images of the particles used for
slurry preparation and drying experiments.

The LIB and SIB anode and cathode active materials differ in
particle morphology and size, which is discussed in more detail
in the next sections about the processing.

For comparison of the calculated areal mass loading, drying
time and production speed, literature values for the specific
capacities of the materials are used to give more practical data
for the comparison (Table 1).[23]

For the chosen SIB anodes and cathodes, the capacity is
higher for LIB materials, which has an influence on the
manufacturing parameters. The areal mass loading (marea/gm� 2)
is calculated according to Equation (1)

marea ¼
carea

q xactive
(1)

with the areal capacity (carea/mAhcm� 2) divided by the specific
capacity (q/mAhg� 1) of the active material and the share of the
active material (xactive/kgkgsolid

� 1). For all materials an active
material content in the dry electrode of 93 wt-% is used in this
study. Based on the areal mass loading and an assumed solid
content of 43 wt-% the areal mass loading of the solvent ms

(gm� 2) can be calculated [Equation (2)].

mS ¼ marea X (2)

The solvent loading X (gsolventgdry electrode
� 1) is obtained from

the conversion of the solvent content. The drying time is
calculated according to Equation (3)

t ¼
mS

_ms
(3)

from the areal mass loading of the solvent msolvent (g m� 2)
divided by the drying rate _ms (gm� 2 s� 1). More information
about the drying rate is given in the Experimental Section.

Figure 2(left) shows the areal mass loading and the drying
time for a constant drying rate of 1.5 gm� 2 s� 1 (considered as
industrially relevant drying rate)[30,39] as function of the areal
capacity for all materials. Figure 2(right) shows the relationship
of the drying time from the drying rate for 2 mAhcm� 2

electrodes for the materials used.
Figure 2(left) shows that due to the difference in the specific

capacity of the materials, the areal mass loading for cathodes is
higher than for anodes. With increasing areal capacity, the
absolute difference in areal mass loading between LIB and SIB
materials increases for both anode and cathode, which has an
impact on the drying time. It can be deducted that for the
comparison in this study the drying time of LIB and SIB battery
slurries with the same solid content and share of active material
is especially depending on the capacity of the material. For
each of the materials, it can be seen that an increase in areal
capacity leads to an equivalent increase in drying time. With
their lower capacity, the drying time at the same areal capacity
is increased for SIB materials. For a given production line, the
difference in drying times due to the capacity of the materials
results in different production speeds for anodes and cathodes
but especially for LIB and SIB materials. For similar drying times
between LIB and SIB, the drying rate must be increased. As the
connection between drying time, dryer length and process
speed is not straight forward Figure 2(right) shows the drying
time as a function of increasing drying rate. With increasing
drying rate, the drying time can be significantly reduced. It can
be seen that the difference between the drying times of anodes
and cathodes for LIB and SIB becomes less for higher drying
rates. For the same areal capacity of 2 mAhcm� 2, the drying
time difference between the anodes (Gr to HC) is 5 s and
between the cathodes 6 s for a drying rate of 3 gm� 2 s� 1. It is to
be noted that for a production line with a fixed dryer length,

Figure 1. SEM of Gr, HC, LFP, and PBA powder and the average particle
diameter x50 determined by laser diffraction. The average particle diameter
of Gr is about two-times higher than for HC. LFP and PBA show almost the
same measured average particle diameter. Although it should be noted that
all particles are especially different in their particle morphology.

Table 1. Overview of the specific capacities considered from the literature
for the calculation of the areal mass loading and drying time of anode and
cathode materials for LIB and SIB.[10,22,23]

LFP PBA Gr HC

Spec. capacity [mAhg� 1] 165 149 360 300
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large differences in production speed arise from an apparently
small difference in drying time. Table 2 shows a comparison of
the production speed for a given dryer with a length of 50 m
and, on the other hand, dryer length for a production speed of
50 mmin� 1. The comparison in both cases is made for a fixed
drying rate of 3 gm� 2 s� 1 and an areal capacity of 2 mAhcm� 2.
For the assumed drying rate of 3 gm� 2 s� 1 a production speed
of about 50 mmin� 1 is possible for all investigated anodes and
cathodes for an areal capacity of 2 mAhcm� 2.

As noted, the production speeds and dryer length between
LIB and SIB electrode manufacturing can only be similar if the
drying of SIB slurries will be higher than for LIB slurries. The
needed increase of the drying rate directly corresponds to the
decrease in the specific capacity. In this case, LFP has a specific
capacity higher than PBA by a factor of 1.2 and Gr higher than
HC by a factor of 1.1. The drying rate must be increased by this
factor for the same production speed or dryer length for the SIB
materials. This means that especially for high throughput and,
thus, a high level of drying rate for LIB the drying rate for SIB
would be even higher. This correlation can also be applied to
compare other active materials against each other (e.g., LFP vs.
lithium nickel manganese cobalt oxide). The question arises
how higher drying rates affect the SIB electrodes’ quality. This
will be addressed more in detail in the section about adhesion.

Another way to compensate the differences between LIB
and SIB is to adjust the active mass fraction or solid content.
The solid content seems like an easily adjustable variable in the
process for the same composition, but it has not been clarified
how this affects the processing of the individual materials in
terms of mixing, viscosity, coating and drying and is not the
scope of this study. It is shown in the literature that higher
solids content can lead to an increase in adhesion.[56] However,
the study of slurry viscosity in the next section shows that
increasing the solid content would affect the properties of LIB
and SIB slurries differently due to the particles‘ properties.

Viscosity profiles for water-based LIB and SIB slurries

To compare the different active materials, the slurries for Gr,
HC, LFP and PBA were produced with the same solid content of
43 wt-% using the identical manufacturing procedure and
mixing parameters. Figure 3 shows the viscosity profiles as a
function of the shear rate in a double logarithmic plot.

Figure 3 shows that the viscosity of the SIB anode and
cathode slurries is higher compared to the investigated LIB
materials at low shear rates (0.1–10 s� 1) with identical composi-
tion and mixing parameters. To give a more detailed discussion
of the viscosity profiles, Table 3 shows the average particle
diameter, the density, and the BET surface of the materials. It
also shows an overview of the different volume fractions of the
active materials in the slurry due to their densities. The
calculation of the active materials’ volume fraction is given in
the Experimental Section using Equation (9).

On the one hand, the viscosity profile can be attributed to
the smaller particle size of the anode for SIB. We refer here to
the average particle diameter as the comparison parameter
between the different materials. Amongst that certainly, the
particle size distribution and particle shape also influence the
viscosity behavior, especially at low shear rates. Round particles
are more likely to slide past each other, whereas irregularly

Figure 2. Calculated areal mass loading and drying time as a function of the areal capacity (93 wt-% active material share in the dry electrode, 43 wt-% solid
content in the slurry) and a constant drying rate of 1.5 gm� 2 s� 1 as considered an industrially relevant drying rate[30,39] (left). For the calculation of the areal
mass loading, the capacities in Table 1 were used. Figure 2(right) shows the calculated drying time as a function of the drying rate for 2 mAhcm� 2. The drying
time difference between LIB and SIB materials is closer for higher drying rates. At a drying rate of 3 gm� 2 s� 1, the drying time for anodes is in the range of 26–
32 s (Gr vs. HC) and for cathodes in the range of 58–64 s (LFP vs. PBA).

Table 2. Overview of two case studies for electrodes with an areal capacity
of 2 mAhcm� 2 and dried at a constant drying rate of 3 gm� 2 s� 1 for Gr vs.
HC and LFP vs. PBA: Electrodes’ manufacturing speed for a fixed dryer
length of 50 m or, on the other hand, expected dryer length for a fixed
production speed of 50 mmin� 1.

Gr HC LFP PBA

Production speed [mmin� 1]
@ fixed dryer length of 50 m

114 95 52 47

Dryer length [m]
@ fixed production speed of 50 mmin� 1

22 26 48 53
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shaped particles might interact more.[57] Hence, LFP is expected
to have a lower viscosity in the low shear range than PBA. On
the other hand, the volume fraction of the active material in the
slurry depends on the density of the material. With a higher
volume fraction of the active material, the flow resistance in the
slurry increases and therefore the viscosity at lower shear rate.
From the measurement of viscosity as a function of the shear
rate, it is not possible to infer directly which factor described
leads to the difference between LIB and SIB materials as it is a
superposition of several effects, that favors a higher viscosity for
the investigated SIB materials.

A higher viscosity in the low shear rate region means that
particle interactions are increased. It should be noted that a
high viscosity at low shear rates is advantageous, as this limits
particle movement (less susceptible to sedimentation). Towards
higher shear rates (>10 s� 1) the viscosity of the anode and the
viscosity of the cathode slurries approach each other indicating
a comparable suitability for slot-die coating.[10,33,58] A further
effect is that scrap rates due to edge elevations during
electrode manufacturing can be minimized by slurries with a
higher viscosity at low shear rates and shear thinning
behavior.[33,58–60]

As suggested in the previous section, the different drying
times may be compensated by increasing the solid content for
SIB materials with a lower capacity than LIB materials. However,
it can be seen from the determination of viscosity that an

increase in solid content, with otherwise the same composition
between LIB and SIB, leads to a further increase in viscosity. A
too high viscosity at lower shear rates could be challenging for
pumping the slurries. It is to be expected that the entire profile
of the viscosity curve is shifted to higher values, which also
leads to a different viscosity at the shear rate in the coating
process. This could lead to a stronger difference in coating and
stability behavior between LIB and SIB. This can also affect the
design of the slot die cavity and may result in the need for new
coating dies.[61] In addition, air bubbles contained in the slurry,
which interfere with the subsequent coating process and lead
to defects in the coating, could be more difficult to remove due
to a higher viscosity. Certainly, the formulation for anode and
cathode may need to be adjusted to get the best from the
material depending on the application. This also affects the
viscosity profile as well as coating and drying effects. The effect
of viscosity during microstructure formation will be discussed in
the next section.

Microstructure formation

One of the first parameters to be considered in the production
of electrodes is the setting of the necessary wet film thickness.
Typically, electrodes are produced with a specific areal mass
loading or dry mass per unit area. However, for coating with a
coating tool such as a slot die, the resulting wet film thickness
and the slurry mass per unit area is crucial due to the
conservation of mass to receive the desired electrode from the
total volume flow, the production speed and the width of the
coating. A challenge in increasing the production speed for
active materials with lower specific capacity is not only the
increased drying rate at constant dryer length and a consid-
erably higher wet coating weight, but also the volume flows of
slurry as well, which not only depend on the capacity of the
active material, but on density as well. The difference in particle
density influences not only the slurry flow behavior but also the
needed volume flow and the coating thickness (wet coating
and porosity). According to Equation (4) the wet film thickness
can be calculated by the desired areal mass loading divided by
the solid content of the slurry and the density of the slurry
(Table 3).

hwet ¼
marea

xsolids
�
X xslurry

j

1j
(4)

Figure 3. Viscosity profile as a function of the shear rate of LIB and SIB
anodes and cathodes measured at 25 °C. The figure shows a comparison of
Gr vs. HC anodes and LFP vs. PBA cathodes with identical water-based slurry
composition, mixing procedure and solid content. The viscosity of the SIB
anode and cathode slurries shows at low shear rate of 0.1 s� 1 a higher
viscosity compared to the LIB slurries.

Table 3. Overview of the average particle size, density (measured by gas pycnometry), and BET surface of the LIB and SIB materials. The volume fraction of
the active material in the slurry with the same composition is also given.

Particle diameter
x50 [μm]

BET surface
[m2g� 1]

Density
[kgm� 3]

Volume fraction slurry
[% (m3m� 3)]

Gr 18 2.7 2260 22.9

HC 9 3.5 2062 24.6

LFP 13 24.0 3350 16.7

PBA 12 1.0 2049 24.7
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Figure 4 shows the wet film thickness of LIB and SIB
materials as a function of the areal capacity.

With increasing areal capacity, the difference in electrodes’
wet film thickness between LIB and SIB materials increases as
expected from Figure 2. For 1–3 mAhcm� 2 the wet coating
thickness is about 23% higher for SIB than for LIB anodes and
cathodes. The percentage change is the same for anodes and
cathodes and areal capacities, but the absolute differences in
wet coating thickness increase for higher areal capacities. In
comparison to the areal mass loading from Figure 2, differences
between the materials are increased as the wet film thickness is
also depending on the volume fraction of the material and,
with that, on the density. It is therefore noteworthy that the
wet film thicknesses of PBA and LFP differ more than the
required areal mass loading would suggest. Depending on
existing equipment, higher wet film thicknesses could mean
additional investment for larger mixers, feed tanks, etc.
Certainly, if a configuration in a production line has been made
for high-capacity electrodes, for example, the production of
larger volumes or even the pumping of higher volume flows is
not a challenge. To give an overview of the possibilities: A

reduction of the wet film thickness can be achieved in general
by a higher active material content, solid content, specific
capacity, or a higher density of the active material.

To investigate the adhesion for the different materials as a
function of the areal capacity different areal mass loadings were
coated, and the electrodes characterized. The dry film thickness,
the areal mass loading and the porosity are given in Table 4.

As expected, the areal mass loading and the dry film
thickness of SIB materials are higher than for LIB materials at
about the same areal capacity. The resulting porosity shows the
influence of the different particle sizes and particle densities. It
is known from the literature that the drying rate has no effect
on the porosity of the electrode for Gr and HC. This could also
be confirmed here for all material systems. The data for
~2 mAhcm� 2 is averaged from electrodes produced at different
drying rates (next section).

In any case, from about 1 mAhcm� 2, the porosity is higher
than at ~2 or 3 mAhcm� 2. Lower porosity with increasing areal
capacity has been shown for Gr anodes in the literature and it is
hypothesized therein that a denser particle network forms with
increasing electrode coating thickness, because more time is
available for an ideal arrangement of the particles (at the same
drying rate).[62] This would imply that porosity is also affected at
different drying rates. However, this is not the case in this study
and others, so we assume that this cannot be an appropriate
explanation. Another possibility are edge effects as the particle
arrangement at the current collector is not the same as inside
the porous electrode as it is restricted by the plane surface of
the current collector. Given a stacking of only several particles
over each other for all materials investigated this may play a
major role here especially for the very thin electrodes with
1 mAhg� 1. It is noted that the average porosity for electrodes
made of Gr, HC and LFP for areal capacities between 2–
3 mAhcm� 2 have a similar porosity of about 58% for the same
formulation. However, this does not necessarily mean that the
drying behavior is the same.

This is pointed out when the solvent loading at the end of
film shrinkage is calculated. This solvent loading and the
starting of the pore emptying process play an important role
especially if a multi-stage drying profile is to be run. With the
film porosity as well as the density of the solvent and the
density of the dry mixture of the materials used, the solvent

Figure 4. Calculated wet film thickness as a function of the areal capacity.
For the calculation of the thicknesses, the areal mass loadings from Figure 1
are used. With increasing areal capacity, the difference in wet film thickness
between LIB and SIB materials for the anode and cathode increases. Besides
the capacity and the electrodes’ composition, the wet film thickness
depends on the density of the active material. For 1–3 mAhcm� 2, the wet
film thickness of SIB anodes is about 23% higher and of SIB cathodes about
22% higher than for LIB.

Table 4. Overview of dry coating thickness, areal mass loading and electrode porosity for a target areal capacity of 1, 2 and 3 mAhcm� 2 for Gr vs. HC and
LFP vs. PBA. The data for 2 mAhcm� 2 are average values for different drying rates. As known from the literature, the porosity of electrodes, for example, does
not change during drying at different drying rates.

Gr HC LFP PBA

Areal capacity [mAhcm� 2] 1 2 3 1 2 3 1 2 3 1 2 3

Dry coating thickness [μm] 36�3 67�3 101�3 56�5 93�1 143�4 70�4 104�2 152�5 72�6 128�2 162�7

Areal mass loading [gm� 2] 29�1 60�1 91�1 40�2 76�1 118�2 79�9 130�2 200�2 77�1 155�3 210�4

Density dry mixture [kgm� 3] 2136 1970 2992 1959

Electrode porosity [%] 62�1 58�2 57�1 64�1 58�1 58�1 62�2 58�1 56�1 47�1 38�1 33�2

Solvent loading XEOFS [g g� 1] 0.77 0.64 0.63 0.88 0.70 0.70 0.55 0.46 0.43 0.44 0.31 0.25
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loading at the end of film shrinkage can be calculated by
[Equation (5)].

XEnd of film schrinkage ¼
e

1 � e

1solvent

1dry mixture
(5)

If we assume that the onset of binder migration coincides
with the onset of pore emptying, which in turn coincides with
the end of film shrinkage, then the onset of binder migration is
both dependent on porosity and on the density of the dry
mixture, which changes for different active materials for electro-
des with the same composition. To illustrate the relationship of
the solvent fraction at the end of film shrinkage for all material
systems, Figure 5 shows the normalized decrease in film thick-
ness during drying amongst the concentration of CMC solution
(relative to solvent fraction in the slurry). A porosity of 58% for
Gr, HC, LFP and 40% for PBA is assumed for this purpose. The
calculation is based on the change of the volume fractions due
to the evaporation of the solvent during drying. As the same
formulation and solid content were used for all material
systems, the solid content used corresponds to a loading of
Xt=0=1.33 gsolvent gdryelectrode

� 1 for all materials.
The film thickness decrease shows the decrease of the wet

film thickness until the end of film shrinkage, that is when the
capillary network is fully saturated with CMC solution. It can be
seen, as stated, that the solvent fraction at the end of film
shrinkage and, thus, the concentration of the CMC related to
the solvent fraction in the slurry is different for all material
systems. Two regimes appear, one for the anodes and one for
the cathodes. The difference for Gr and HC results only from the
density of the materials as the porosity of 58% is the same. As
the porosity determinations show experimental variations the
calculation should be used with caution. In general, however, it
can be concluded for each material system that with decreasing
porosity the solvent content at the end of film shrinkage is also

lower and the concentration of the CMC solution is higher. For
areal capacities of 2–3 mAhcm� 2, the solvent loading for the
end of film shrinkage for Gr and HC ranges from 0.63 to 0.70.
For LFP, this value of about 0.45 is considerably lower due to
the higher density of the dry mixture. The differences clearly
show that for a multistage drying profile, the first critical time
for transition from a high to a low drying rate for cathodes can
happen at lower solvent fractions, which is necessary to design
the drying process to achieve higher drying rates. Assuming
this point in time coincides with the end of film shrinkage,
which is not necessarily the case. For a more agile production
line, this means that more measurement equipment is needed
in the dryer (film thickness measurement, for example) to be
able to adjust the drying profile to new materials.[63] The process
must be able to adapt to the conditions of the materials. Here,
one advantage of a longer dryer may be to have more control
and flexibility where to change the drying rate exactly in the
drying process.

Hence the different solvent loading at the time of the latest
onset of pore emptying, the concentration of CMC related to
the solvent can differ significantly too. For HC and Gr, the
concentration is approximately 2.4–2.7 wt-%, and for LFP and
PBA 3.9–5.2 wt-%, respectively. Since the relationship between
the concentration and the viscosity of the CMC solution is
exponential, a lower solvent loading inevitably leads to a higher
viscosity at the time of the end of film shrinkage. It is to be
investigated whether this may affect the capillary pore empty-
ing mechanism or not. Furthermore, CMC can undergo a phase
separation to form a polymer-rich phase and a polymer-poor or
solvent-rich phase depending on the temperature and
concentration.[64] This could result in solvent movement
independent of CMC and SBR during drying prior to the end of
film shrinkage or during capillary transport. Consideration of
the conditions of CMC during drying of different material
systems and for different drying rates could provide deeper
insight into the drying behavior and properties of the electro-
des. However, a more in-depth consideration of this effect is
not the subject of this study as it focuses on material effects on
the process in general. It is evident, that the differences in
drying behavior have an impact on the development of
electrode properties like adhesion with increasing drying rate.

Adhesion depending on areal capacity and drying rate

From the previous sections, the question arises how the
electrode properties and the binder migration are affected by
the differences in microstructure formation of different particle
systems and areal capacities (different porosity, layer thickness).
As shown, for similar production speed, SIB materials with lower
capacities must be dried at higher drying rates depending on
the areal capacity. It is therefore important to determine how
the electrodes behave when slurries of all materials are dried at
increasing areal capacity and increasing drying rate at fixed
areal capacity. As an indirect measure for binder migration, the
adhesion force of the electrodes is measured, respectively.

Figure 5. Calculated film thickness as a function of the solvent loading from
wet film thickness to the end of film shrinkage. The calculation is based on
the change in volume fraction due to the evaporation of the solvent during
drying. It shows only the part from the beginning of the drying process to
the end of film shrinkage. Additionally, the mass fraction of CMC/solvent as
a function of the solvent loading is given. The solvent loading for all material
systems is different at the end of film shrinkage and so are the CMC
concentrations.
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Figure 6(left) shows the adhesion force for increasing areal
capacity (fixed drying rate), and Figure 6(right) shows the
adhesion force as a function of the drying rate to investigate
binder migration (fixed areal capacity). Figure 6(left) shows a
significant difference in the adhesion force for the material
systems used. All materials show a decrease in adhesion force
compared to the lowest areal capacity. On the one hand the
adhesion force decreases approximately linearly for Gr and PBA
and, on the other hand, LFP and HC show no further
deterioration from 2–3 mAhcm� 2. Noticeable are the different
levels of absolute adhesion force for the active materials.
However, permissible for direct comparison are only the
absolute adhesion forces of HC, LFP and PBA as Gr is coated on
a copper substrate instead of aluminum.

Comparing LFP and HC, LFP shows a higher adhesion force
over the complete range of areal capacities. As described in the
previous section, the concentration of CMC at the end of film
shrinkage, as the possible starting point of binder migration, is
higher for LFP electrodes. This means that there could be a
higher resistance for the capillary transport and, thus a
resistance for advective transport of SBR, which mainly provides
adhesion. However, PBA shows a higher CMC concentration
compared to LFP at the end of film shrinkage, but a much lower
adhesion force. It must be noted that PBA electrodes with the
specified composition show first cracking at the highest areal
mass loading set, which means that the cohesion is of concern.
The PBA electrodes feel brittle after drying and have a tendency
for delamination from the current collector due to cracks
developing in the coating especially for the highest areal
capacity. The adhesion force may not be fully comparable with
the other systems. However, to explain the different behavior
there must be another super-positioning effect that decreases
the adhesion of PBA down to the measured level. This
hypothesis is further backed up by the comparison of the
porosity and the adhesion forces for increasing areal capacity. A

higher adhesion force for the lowest areal capacity in all cases
contradicts with an explanation by a less pronounced capillary
transport due to reaching the end of film shrinkage at lower
solvent loading. As similar explanation in the literature, it is
presented, that for thicker electrodes the onset of pore
emptying occurs before the end of film shrinkage and is thus
more disruptive.[62] If this was the case then a plateau in
adhesion force would not be expected for both LFP and HC.
One fitting explanation for all three cases can be found in the
materials properties. It suggests that for HC, LFP and PBA the
adhesion force follows the trend of the BET surface that is the
smallest for PBA. This can be misleading, since it has also been
shown that adhesion can be lower with a higher BET
surface.[11,12,14] The BET surface can be increased by accessible
pores inside the particles (particle porosity), which is for
example the case for LFP used. The differences in adhesion
could be related to the interaction of the specific surfaces’
functional part only, that can interact with binders causing
fixation of CMC/SBR. This interaction of the materials and with
the substrate need to be further investigated to better describe
the dependence of the adhesion force for different material
systems.

The hypothesis that SBR is less mobile due to the stronger
binding of CMC to smaller particles[10,13] or the functional part of
the specific surface will be further discussed when discussing
the adhesion force of the different systems with increasing
drying rate: One could hypothesize that for increasing drying
rate, i. e., by applying more driving force for capillary transport,
LFP and HC electrodes could provide better fixation of the CMC
as resistance against advective SBR transport and, thus, less
decrease in adhesion force. Figure 6(right) shows the adhesion
force with increasing drying rate for all material systems. The
first value (100%) at a drying rate of 0.75 gm� 2 s� 1 corresponds
to the value of the adhesion force from Figure 6(left) at
2 mAhcm� 2.

Figure 6. Adhesion (90° peel test) as a function of the areal capacity for LIB and SIB anodes and cathodes at a low drying rate of 0.75 gm� 2 s� 1 (left). Adhesion
as a function of the drying rate for an areal capacity of 2 mAhcm� 2 (right). LFP, PBA and HC are coated on aluminum and Gr on copper substrate. The
electrodes of the different material systems show different adhesion forces at all areal capacities investigated, although all electrodes have the same binder
content. A higher areal capacity results in a lower adhesion force for all electrodes. Surprisingly, some electrodes show less binder migration than others
(right). Especially in the case of HC there is no negative influence of the drying rate on the adhesion force. The PBA electrodes also indicate a lower effect of
drying rate on adhesion force, but cracking also occurred at higher drying rates.
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Especially the Gr electrodes show a decrease in adhesion
force by about 30% with an increasing drying rate. Due to the
faster drying, the capillary transport also proceeds faster and,
thus, the volume flow of the solvent in the pores increases. It
would be conceivable that, depending on the drying rate, the
proportions of binder that are weakly bond on the particles or
substrate change and remains in the same position until the
end of drying and a mobile binder fraction, which can be
transported if the capillary transport is disruptive enough.[12]

Another possibility is that, depending on the drying conditions
and the particle system, the start for capillary transport is
reached at a different time.[65] It is also discussed in the
literature that a concentration gradient can built up in the
liquid phase from the beginning of the drying until the time
when the end of film shrinkage is reached. This gradient could
be less pronounced during slower drying making the capillary
emptying less pointed into the direction of the gradient
towards the current collector.

HC in comparison to Gr does not show any negative
influence but little positive effect of the drying rate on the
adhesion force. The LFP electrodes show a similar behavior. Up
to a drying rate of 1.5 gm� 2 s� 1 faster drying has no negative
influence on the adhesion force. For 3 gm� 2 s� 1 the adhesion
force decreases by 10%. This is surprising, since the observation
before had shown that the electrodes behave similarly to HC
with increasing areal mass loading and in general have a higher
adhesion force. The behavior of HC and LFP supports the
hypothesis from the investigation of different areal capacities,
that the CMC concentration cannot be the explanation for the
development of the adhesion force, as the earlier entrance into
the capillary transport should lead to more SBR binder
migration for HC. Nevertheless, the higher drying rate does not
appear to result in a lower adhesion force or cracking for HC
electrodes. This suggests that the interaction between the
binders and the particles has a strong influence on the
movement of CMC and SBR. In the case of LFP and HC, the
smaller particle size of HC seems to be the more pronounced
effect for the fixation of binder at increasing drying rate
compared to the BET-surface. In conclusion, this means that in
the case of HC, a better fixation of the binder can lead to a
lower absolute adhesion force, but vice versa less SBR is
transported even with increased capillary transport due to
higher drying rates. One explanation is that the particle size of
LFP is higher than for HC and, thus, the fixation of the binder
system to the particles and the substrate may be less developed
and the free SBR proportion is larger. Due to the increase in the
driving force for capillary transport (higher drying rate), the
binder in the LFP electrode can be transported above a certain
threshold value for the drying rate and, thus, reduces the
adhesive force. For the LFP electrodes, an interesting aspect
would be to investigate the adhesion at increasing drying rates
by adding smaller LFP particles. The assumption would be that
this could also reduce binder migration at higher drying rates.

Bending stiffness: Two-point bending test

As described, the LFP and PBA electrodes show a higher
stiffness than HC and Gr due to their higher film thickness.
Especially, PBA electrodes tend to delaminate, and the electro-
des feel brittle, noticeable of the physical handling of the
electrodes. As a quantitative measure, this stiffness can be
evaluated by measuring with a two-point bending test to
compare materials at different areal loadings. It is not the
objective to specify a stiffness value at which an electrode can
no longer be processed. This is highly dependent on the
machines and production parameters used. However, the
measurement allows a quantitative comparison and could be
linked to possible future roll-to-roll electrode processing. In
order to compare the electrodes’ behavior for different
materials and areal capacity, the bending stiffness is shown in
Figure 7.

The higher the areal capacity (high mass loading and high
thickness), the higher the bending stiffness. For all areal
capacities, the Gr anode has the lowest bending stiffness. The
Gr anode was coated on a 10 μm copper foil, while the other
electrodes were coated on a 20 μm aluminum foil (the bending
stiffness of the copper foil is lower by a factor of 3.25 than the
aluminum foil). Furthermore, the Gr anode has the lowest dry
film thickness, which could be a reason for the low bending
stiffness. For all areal capacities the PBA cathode has the
highest bending stiffness and the highest dry film thickness. At
3 mAhcm� 2, the PBA cathode has a bending stiffness nearly 2
times higher than the LFP cathode. For the areal capacities of 1
and 2 mAhcm� 2 the values for the HC anode and the LFP
cathode are almost the same. When increasing the areal mass
loading is increased to 3 mAhcm� 2 the bending stiffness of LFP
is about 10.4 times higher than that of HC. The dry film
thicknesses of LFP are also higher than for HC. The correlation
between bending stiffness and areal mass loading of Gr and HC

Figure 7. Bending stiffness as a function of the area capacity. LFP and PBA
with the highest film thickness show higher values for the bending stiffness.
With increasing areal capacity and film thickness, the bending stiffness
increases for all material systems. Aluminium has a higher bending stiffness
than copper for the substrates investigated.
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can be interpreted as linear in the range investigated. For
higher areal capacities than investigated it is expected that the
behavior is exponential as for LFP and PBA. Over all, the
bending stiffness appears to be dependent on the dry film
thickness as it increases steadily with the dry film thickness for
all materials tested.

A comparison with the adhesion force reveals two findings:
first, the general finding that a decrease in adhesive force leads
to an increasing bending stiffness; second, the tendency that an
overall high adhesive force (LFP>HC>Gr) also leads to an
overall high bending stiffness. However, for the PBA the
adhesive force was lower than for Gr, but the bending stiffness
was the highest for all materials.

Günther et al.[53] and also our own experience have shown
that stiff electrodes are difficult to guide around deflection
rollers and are more likely to show web tears. During
calendering the stiffness of the electrodes increases again and
the risk of web tears is increased.[53] For an industrial coating it
may be necessary to improve the composition of the PBA
electrodes to provide a higher adhesion force and less brittle
behaviour. As with the adhesion measurement, however, it
should be noted that the results of the bending tests for PBA
may not be completely reliable as the samples for higher areal
loading were already covered with cracks and small delamina-
tion at on the edge before the testing.

Conclusions

The active materials of LIB and SIB anodes and cathodes differ
in particle morphology as well as in capacity. Due to the
difference in specific capacities for the anode and cathode
materials, the areal mass loading, coating- and electrode
thicknesses and, especially, the drying times are different for LIB
and SIB electrodes at the same areal capacities. This can have a
great impact on the process chain. An important point to note
is that if the composition of the slurry is the same, the drying
times will differ by the factor of the specific capacities. Depend-
ing on the electrode manufacturing speed, even small differ-
ences in drying time can lead to significantly different dryer
length for LIB and SIB anodes and cathodes, especially at higher
drying rates. In other words, for a given coating and drying
equipment, lower production speeds can be run for the SIB
materials investigated in this study if the process parameters of
the dryer are not changed. In any case, it would be possible to
produce SIB electrodes at the same production speed or even
faster than LIB electrodes on a given coating and drying
machine, if the drying rate can be increased. Therefore, one
goal for the future, especially for SIB, should be the production
of electrodes with higher drying rates.

Comparing the adhesion force evolution with increasing
drying rates for 2 mAhcm� 2 LIB and SIB electrodes, especially
HC but also LFP electrodes can be produced at higher drying
rates without adhesion changes. Together with the investiga-
tions in the literature, it is considered that the LFP and HC
electrodes show less binder migration due to the interaction of
the active material with the binder system, and the micro-

structure formation during the pore emptying process. The
interaction of the binder system with the active materials and
the substrate need to be further investigated in the future to
gain a better understanding and evidence for the hypotheses
that have been made. In the case of PBA, the results show that
the processing at industrially relevant drying rates is possible,
but the overall adhesion and cohesion are reduced and need to
be optimized by formulation studies to overcome the brittle
behavior and issues with crack formation.

The bending stiffness increases with increasing areal
capacity and therefore dry film thickness. Adhesion and porosity
may influence the bending stiffness, but the correlations still
seem to be complex. More tests are needed to make fully
reliable statements on the correlations.

For the particle design, the drying behavior of electrodes
should also be included in the future. This could result in a
lower decrease in adhesion with increasing areal mass loading
and less binder migration at increasing drying rate. When using
smaller particles or a higher proportion of small particles, the
binder migration can probably be mitigated. In addition to
studies on Gr and HC in the literature, this needs to be
demonstrated for other systems such as LFP and other active
materials. As an alternative approach, multilayer architectures
(electrode design) with different particle morphologies have to
be investigated to achieve the desired electrode properties
combined with fast fabrication.

Experimental Section

Material characterization

The specific surface areas were obtained by BET measurements
using nitrogen adsorption gas (Gemini VII 2390, Micromeritics). The
density of the materials was measured by helium pycnometry
(AccuPyc 1330, Porotec). The particle size was determined by laser
diffraction (Horiba LA950, Retsch Technology). For this purpose, the
active materials are dispersed in 2-propanol. A Zeiss Supra 55 from
Carl Zeiss AG (Oberkochen, Germany) was used for SEM inves-
tigations.

Slurry mixing and viscosity

Mixing: The water-based slurries for HC (Kuranode, kuraray), Gr
(SMGA, Hitachi Chemical Co. Ltd., Japan), PBA (Gelon LIB Co., Ltd.),
LFP (ibu-Tec, Germany) were mixed in a dissolver (Dispermat SN-10,
VMA Getzmann GmbH Verfahrenstechnik, Germany). The composi-
tion was chosen so that the dry electrode has the composition in
Table 5.

Carbon black (Super C65, Imerys) and a 2 wt-% CMC (Sunrose
MAC500LC, Nippon Paper Industries, Japan) solution were added to
the container and dispersed at 1000 rpm for 30 min. The container
was cooled during the entire mixing process. The active material

Table 5. Composition of dry LIB (Gr, LFP) and SIB (HC, PBA) electrodes.

Active material
[wt-%]

C65
[wt-%]

CMC
[wt-%]

SBR
[wt-%]

Solids
[wt-%]

93.00 1.40 1.87 3.73 43.00
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particles were added in three equal steps and further dispersed.
Additional water was added to reach the final solid content. The
slurries were then mixed for 30 min at 1500 rpm. In the final step,
SBR (Zeon Europe GmbH, Japan) was added and the slurry was
mixed for 10 min at 500 rpm. The container was degassed during
the final mixing step.

Viscosity: The viscosity was measured by a rotation viscometer
Physica MCR 101 (Anton Paar, Germany) with a plate-plate
geometry (25 mm diameter) from 0.01–1.000 s� 1 at 25 °C.

Electrode coating and drying

The coating and drying of the anode and cathode slurries were
carried out in a discontinuous process as described by Baunach
et al.[40] The 10 μm copper current collector (Civen Metal Material
Co. Ltd., China) for the graphite electrodes or the 20 μm aluminum
current collector (Schlenk, Germany) was attached to a temper-
ature-controlled plate via vacuum. The coating of the anode and
cathode slurries was applied with a doctor blade ZUA 2000.100
(Zehntner) and subsequently the coating was run under the drying
nozzles of an impingement dryer. For homogeneous drying, the
plate was periodically moved under the dryer. For all experiments,
the drying rate was determined by the temperature of the heated
plate and the heat transfer coefficient of the slot nozzle dryer,
considering the dew point of the drying air. The solvent removal of
a thin wet film is in general governed by heat and mass transfer in
the gas phase, the phase equilibrium and the diffusion in the wet
film. In the case of electrode drying, the mass transfer in the gas-
phase is the rate determining step. Consequently, the consideration
of gas-phase mass transfer is sufficient to describe the electrodes’
drying process. The mass transfer in the gas-phase can be described
according to Equation (6), assuming unilateral diffusion in a binary
system.

_ms ¼ bs;g ~1g
~Msln

1 � ~ys;dryer

1 � ~ys;surface

� �

(6)

The drying rate depends on the molar mass of the solvent ~Ms, the
molar density of the gas phase ~1g, the mass transfer coefficient bs;g,
as well as the molar fractions of the solvent in the surrounding gas
phase ~ys;dryer and at the phase boundary of the electrode ~ys;surface. It
is important to emphasize that the drying rate is closely dependent
of the air flow, the gas and film temperature and the solvent
loading of the gas phase. Drying temperature affects bs;g, ~ys;surface

and ~1g while the air flow changes bs;g only. For the batch-drying set
up used in this study, the drying rate is set by the film temperature
to ensure comparable data to a roll-to-roll process. Table 6 shows
the drying rates and the drying or film temperatures for the
experiments in this study. Further information on the drying
temperature and the drying rate are given in the literature.[10–12,66]

Electrode characterization

The porosity [Equation (7)] was calculated from the areal mass
loading divided by the dry coating thickness and the density of the
dry mixture of the components [Equation (8)].

e ¼ 1 �
melectrode

1dry mixture hdry
(7)

1dry mixture ¼
X xi

1i

� �
� 1

(8)

The components i are all solid materials in the electrodes. The
volume fraction of the active material is calculated with Equa-
tion (9).

factive material ¼

xactive

1activeP xj

1j

(9)

The components j are all solids and the solvent.

Adhesion

To determine the adhesion force between the current collector and
the dried electrodes, a 90° peel test was carried out with a universal
testing machine AMETEK LS1 (Lloyd Instruments Ltd., UK) and a
10 N load cell. All samples of the dried electrodes were cut out with
a width of 30 mm and attached with the coated side to an adhesive
strip. The sample was pressed on with a weight of 10 kg to ensure
uniform contact between the coating and the adhesive strip. The
current collector foil was then peeled off the coating at a constant
speed of 600 mmmin� 1 at a 90 ° angle using the testing machine.
The resulting pull-off force was measured and divided by the
sample width to obtain a line adhesion force.

Two-point bending test

The bending stiffness of the samples was determined by perform-
ing two-point bending tests. The measuring equipment (ZwickRoell
GmbH & Co. KG) consists of a zwickiLine table-top testing machine
and a two-point bending test module for paper and cardboard
based on (ISO 5628). The test setup is shown schematically in
Figure 8. Four to six measurements can be placed on a single
electrode sample strip. As the electrodes are coated on one side,
one strip of each material was tested with the coating and one with
the substrate inside, as shown in Figure 8(b and c). To compare the
materials, the average values of the measurements with the two
clamping options were calculated. Additionally, blank substrate

Table 6. Overview of the drying rate and the drying temperature with a
constant heat transfer coefficient of 35 Wm� 2 K� 1. The temperature of the
drying slurry corresponds to the film temperature. The average dew point
for the experiments was 5�2 °C.

Drying rate [m� 2 s� 1] Drying and film temperature [°C]

0.75 31

1.5 40

3 51 Figure 8. a) Setup of the two-point bending test equipment and clamping
options. b) substrate inside, c) coating inside.
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samples were tested. As these are uncoated, only one sample strip
was required.

The crosshead moves downwards at a speed of v ¼ 0:17 mmin� 1.
The translational movement is converted into a rotation of the
clamping module of the bending angle a ¼ 0�:::90�. The rotation
bends the electrode while it is in contact with the force transducer
that transmits the force to the 10 N load cell. The measuring length
l is the distance between the clamping and the force transducer. In
this setup, the measuring length is l ¼ 5 mm. The result of an
experiment is a correlation between force and deflection.

The width-related bending stiffness S is calculated as Equation (10)

S ¼
F
f
�

l3

3b
(10)

with the linear deflection f , the referring force F and the sample
width b (ISO 5628). In the testXpert III software the quotient F f � 1 is
defined as the slope of the Youngs modulus straight line E

0

. The
quotient F f � 1 is therefore calculated in the area of the straight
force-deflection curve with the upper and lower force values FH and
FL corresponding to the limits of the evaluation interval between
the upper and lower deflection values fH and f L (Equation 11).

F
f
¼ E

0

¼
FH � FL

fH � f L
(11)

The thicknesses of the electrodes were measured using the
MarCator 1075R tactile measurement device (Mahr GmbH).
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