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1. Introduction

For slurry-based battery electrodes, the drying rate during the
formation of the porous microstructure is one of the key limiting
factors for a higher processing speed. With increasing drying
rate, the electrochemical and mechanical properties are both
adversely affected.[1–7] An accumulation of binder in pores and
on the active materials’ surfaces in the top region of the electrode

leads to an increase of ionic resistance and
affects both cycle stability and C-rate capa-
bility. Among the drying rate, the influence
of numerous other process parameters like
the areal mass loading, the properties and
content of thickener, and the distinct
influence of an increase in drying rate
by temperature or heat-transfer coefficient
are discussed in literature,[4,8,9] but a funda-
mental understanding of the binder migra-
tion is still pending.

The phenomenon of binder or particle
migration is widespread in drying of sus-
pensions.[10,11] Mechanistic understanding
of the underlying effects is given, e.g., by
Luo et al.[10] who propose a combination
of top-down consolidation process and
capillary transport after microstructure for-
mation.[10] These concepts were shown to
be partially applicable to battery electrode
coatings, where capillary transport, acting
at latest after the end of the film shrinkage,

is thought of to be mainly responsible for the migration of binder
(see Section 1.1).[12,13]

Various sources exist that show the influences of binder
migration on cell performance,[1–3,6] or investigate the micro-
structure by energy-dispersive X-Ray spectroscopy (EDS) or other
spectroscopic methods.[2,12] In correlation with the binder
distribution or the electrochemical performance, the decrease
of adhesion strength with increasing drying rate has been proven
to be an accessible indicator for binder migration.[3–5]

Beyond electrodes processed with N-methyl-2-pyrrolidone
(NMP) as solvent and polyvinylidene fluoride (PVDF) as binder,
especially for electrodes with water-based slurries, containing the
dispersed latex binder styrene–butadiene rubber (SBR) and the
dissolved thickener carboxymethyl cellulose (CMC), the level of
complexity is higher as both components can migrate. Here, a
reduced binder migration was reported to be achievable by
changes of the particle properties due to intensive mixing proce-
dures[1,14] or directly by choosing an active material with different
size and/or surface chemistry.[1,15,16]

However, coatings based on the CMC/SBR system are no
technology limited to battery electrodes. In literature, the forma-
tion of stable polymer–particle networks of CMC, SBR, and other
particles is associated with the mitigation of binder migration for
processes in the field of paper coating.[17,18] For these systems, it
is indicated that the film formation process and fixation of SBR is
affected by the type of SBR–latex, its glass-transition tempera-
ture, mass fraction, and the molecular weight and degree of
substitution of thickener or co-binder CMC.[18]
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Two main goals for the industrial, slurry-based electrode processing are a high
process speed and the maximum possible material efficiency. This makes an
increased drying rate and active material share favorable, but both are limited by
adverse effects on the electrode quality. The adverse effects of fast drying are
associated with the migration of binder. In this article, the slurry properties of
water-based graphite slurries are manipulated using a synthetic, layered silicate
as additive. The influence of the polymer-particle composite network on the
viscosity, adhesion strength, and cell performance is investigated. By addition
of a small amount of additive (0.5 wt% of the dry electrode), the binder migration
is mitigated up to a drying rate of 6 g m�2 s�1 for graphite anodes with
≈4.2 mAh cm�2 (corresponding with 30 s drying time) leading to a possible
increase of eight times the process speed compared to drying with 0.75 g m�2 s�1

if adverse effects on the tortuosity of the electrodes can be solved. In this work, a
combination of additive usage is pointed out with a multilayer approach and first
insights are provided in how the binder migration may be mitigated to gain
structurally optimized fast-dried electrodes without losses in electrode quality.
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1.1. Characteristics of Binder Migration for a CMC/SBR Binder
System

To understand the influence of material properties on the binder
migration behavior, the literature presented earlier is connected
to the drying mechanism in more detail:

During drying, the concentrations of CMC, SBR, and other
particles rise and the distances between particles decrease con-
stantly. The film shrinkage, based on diffusive solvent transport,
is mostly uniform for moderate drying rates. It terminates at lat-
est when the particles, mainly active material, come into contact,
constituting a porous network filled with a polymer solution that
contains dispersed SBR and carbon black (CB). If the drying rate
is high enough, a gradient in solvent concentration may built up
during the film shrinkage, as shown for the drying of NMP-based
graphite anodes by Jaiser et al.[12] with a drying rate of
1.2 gm�2 s�1 as well as for drying CMC films by Eser et al.[19]

with even lower drying rate (LDR).
After the formation of a saturated pore network and hence the

ability to form menisci, the solvent volume is further reduced by
drying, leading to the emptying of pores in sequence of their pore
diameter. Driven by capillary action, smaller pores remain filled.
A superposition of capillary-induced convection and diffusional
solvent transport maintains the solvent transport to the electrode
surface. Both maintain the drying rate. When the liquid retreats
into the pores, a share of the SBR and CMC binder migrates,
respectively,[13,17] with the solvent toward the phase interface
where evaporation is taking place. During drying, fixed parts
of binder and the conductive additive remain in the interstices
among the particle contact points of the pore network. For
CB, it is shown in literature that the migration is dependent
on the thickness of the electrodes and does not occur signifi-
cantly for moderate areal mass loadings.[2] However, for sequen-
tially processed multilayers, movement of CB by capillary
transport can play a role.[20]

The understanding of the drying process led to different strat-
egies to overcome the negative influence of binder migration:
The application of a multilayer structure containing differently
sized particles with different morphology shown by Kumberg
et al.[1] can be an appropriate approach to change the sequence
of pore emptying, mitigating the built-up of a saturation gradient
over the full height of the cross section because smaller pores
remain filled preferably. Another possibility, limited to a system
of separated components as thickener and binder (like for CMC/
SBR), is the grading of the SBR-binder content in a multilayer
structure that is intended to balance the influence of binder
migration on the distribution of SBR.[21]

From literature, it is known that the binder migration ends
after a certain point in the drying process. From the possible
mechanisms to end the relevant interval for the migration,
two are highlighted here: migration of SBR may cease either
when the saturation of the pore network becomes insufficient
to sustain migration through a connected capillary network,[3]

or when the polymer matrix initially or eventually fixes the binder
in place during the drying process as it contracts. In the case of
CMC, entanglement is expected to occur below a certain concen-
tration limit.[22,23] Regarding the latter, sources from the field
of paper coating indicate that the achievement of a “gel-point”

during drying leads to a immobilization of dispersed SBR in a
CMC matrix between the particles of the coating.[18,24,25]

1.2. Additive Usage

A possible approach to manipulate the formation of composite
networks and colloidal gels is the use of additives. Promising
for the use in water-based battery electrode slurries is the additive
LAPONITE®. Investigated for CMC and polyacrylic acid (PAA)
as co-binders, it shows a positive impact on the electrochemical
performance and adhesion.[26,27]

LAPONITE® is a synthetic-layered silicate and finds applica-
tion as an additive in several fields of product design.[28–30] The
synthetic clay can be dispersed as single flat discs in water and
gets partially polarized at face and edge surfaces with different
charges due to its crystalline structure. Thus, it is able to build
an electro-steric network with itself or by interaction with other
slurry components, leading to a shear-thinning, thixotropic
flow behavior.[31,32] The reason for gel-like behavior of
LAPONITE® in water is the formation of a network mainly
dependent on edge-face interactions between the plates.[33,34]

It differs from the structure of gel-like polymer solutions.
LAPONITE® can form polymer–particle networks with CMC.
As the dimensions of CMC (0.5 nm per glucose unit[35,36]) must
be, in any configuration, several times bigger than the size of a
≈25 nm LAPONITE® plate, an interconnected network can be
formed, with gel-like behavior even below the concentrations
one would expect for the single components.[34,37,38] This means
that one CMC chain can interact with several LAPONITE® plates
either by interaction between the negatively charged groups of
the anionic polyelectrolyte CMC and the pH-dependent positively
charged sides of the LAPONITE® plates[32,34] or by hydrogen
bonding to the faces of the plate.[30,37] The magnitude of the syn-
ergistic effect is specific for CMC and LAPONITE®, as shown by
Fitch et al. comparing the mixture with blends of hydroxyethyl-
cellulose, xanthan gum, and PAA, respectively.[34]

In this work, the impact of slurry properties on the binder
migration behavior is investigated by comparison of the shear
behavior and microstructure of different slurry compositions
with the behavior of the adhesion strength at increasing drying
rate. Purposefully manipulated slurry properties are linked with
the investigation of the mechanical and morphological properties
of the dry electrodes regarding binder migration. Further,
LAPONITE® is traced by EDS as a measure for the component
distribution over the height of the electrode. The measurement
technique is used to investigate the migration of components in
electrodes with multilayer architecture.

2. Results and Discussion

To possibly reduce the manufacturing time while achieving the
highest material efficiency, the drying of additive-supported slur-
ries is investigated. The addition of the additive is intended to
reduce the mobile fraction of the SBR binder and mitigate the
binder migration at high drying rates. In addition, a reduction
of passive materials (CMC/SBR and CB) is aimed to obtain
the highest possible share of active material in the electrodes.
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To reach this, the use of an additive LAPONITE® in several for-
mulations is investigated along the process chain.

2.1. Impact of Additive Content on Slurry Viscosity

The two-substance system of CMC and LAPONITE® in water is
characterized by shear rheometry. The objective is to show the
interaction of the additive and CMC in the polymer–particle net-
work built up in water-based CMC/SBR electrode slurries.
Figure 1 shows the viscosity of a CMC solution (2 wt% in water)
compared to a CMC-additive dispersion (2 wt%/0.5 wt% in water)
and additive dispersion (0.5 wt% in water) for increasing shear rate
among the classification into gel-like and liquid-like behavior by
means of the storage and loss modulus for increasing frequency.

All three fluids show a shear-thinning behavior. Apparent is
the influence of the 0.5 wt% additive on the low-shear viscosity at
0.01 s�1. The value of 13.7� 1.8 Pa s is shifted by two orders of
magnitude to a value of 5970� 1020 Pa s. The increase is not
caused by the interaction of the additive with itself, which builds
a network disruptable by shear (Figure 1, additive). Moreover, it
is evoked by interactions between the polymer chains functional
groups and the differently polarized surfaces of the additive,
forming a polymer–particle composite. The behavior is typical
for CMC–LAPONITE® mixtures in water according to litera-
ture.[32,34,37] Besides influencing the shear viscosity, the interac-
tion leads, for the given deformation, to a gel-like (phase angle
<45°) behavior of the CMC-additive dispersion compared to a
liquid-like (phase angle >45°) behavior of the CMC solution.

Indicator for the structural strength of the polymer–particle net-
work is the high, constant storage modulus in case of the CMC-
additive dispersion.[39,40] The flow behavior indicates that the
CMC chains interact on a molecular level with the clay plates
to form a 3D interconnected network, that is disrupted by shear,
but capable of being reformed reversibly. Such a network may
provide the opportunity to contain also other components in it
like SBR in a water-based battery slurry.

The slurries for the anodes were prepared, so that the dry elec-
trodes have the composition given in Table 1, with and without
the additive LAPONITE®.

Figure 2 shows the viscosity of the slurries “Reference,” “A100”
(with additive, 100% of passive materials), “A75,” and “A66” (with
additive, passive material reduced by 25% and 33%, respectively)
versus the shear rate among with the oscillatory measurement.

A gel-like behavior is found not only in the CMC-additive dis-
persion but in all battery slurries containing the additive (A100,
A75, and A66). Compared to the Reference that shows a clear
liquid-like behavior with an average phase angle of 66°� 3°, over
the entire frequency range (like the same slurry composition in
the literature[1]), the inter-particular and intermolecular interac-
tions in the slurries containing the additive induce a gel-like
behavior (phase angle <45°) and elevate the low-shear viscosity
for all the investigated compositions. The stability of the colloid
network is shown by an almost constant storage modulus over
the frequency range. In case of A66, a transition toward a
liquid-like behavior is conceivable. The higher the concentration
of the passive materials and additive are chosen, the stronger is

Table 1. Composition of dry electrodes. For all slurries, the solids have a mass fraction of 43 wt%.

Name Active Passive Passives compared to A100

Graphite [wt%] CB [wt%] CMC [wt%] SBR [wt%] Additive [wt%]

Reference (Ref.) 93.00 1.40 1.87 3.73 – –

A100 92.50 1.40 1.87 3.73 0.50 100%

A75 94.40 1.05 1.40 2.80 0.35 75%

A66 95.00 0.94 1.25 2.45 0.31 66%
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Figure 1. Left: viscosity of a 2 wt% CMC solution compared to a 2 wt%/0.5 wt% CMC-additive dispersion and a dispersion of 0.5 wt% additive in water
versus the shear rate. Right: storage and loss modulus for an oscillatory measurement versus the frequency at a deformation of 1%. The phase angle
tan(δ)=G 00/G 0 (Section S1, Supporting Information) is used as criterion for gel- or liquid-like behavior.
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the shift toward a network-stabilized slurry. Also, at high shear
rates (interaction between additive and CMC mostly broken
down), the concentration of passive materials (CMC and CB
concentration) determines the viscosity. This leads to a lower vis-
cosity at 1000 s�1 for A66 compared to the Reference. A gel-like
behavior may also be induced by a higher concentration of CMC,
however at a undesirably higher concentration depending on the
properties of the CMC.[22,41]

The strong shear-thinning behavior with a viscosity below
10 Pa s in the coating-relevant range of shear rate makes it
feasible for all the slurries to be coated by knife coating or, as
state-of-the-art coating technology in battery processing by
slot-die coating.[42] However, agitation of the slurry A100 to be
pumped may be a challenge.

In addition to interactions between additive and polymer, the
question arises if there is a grinding of particles during mixing
due to the increased energy input following with the higher vis-
cosity of the slurry A100. This cannot be confirmed by the parti-
cle size distribution (Section S2, Supporting Information). Thus,
no influence of a change in the active material particles on the
microstructure is expected, allowing conclusions to be drawn
about the influence of passives and the additive on the micro-
structure formation and binder migration.

2.2. Adhesion Strength

A decrease of the adhesion strength of electrodes for increasing
drying rate has been shown to be an indicator for the formation
of an inhomogeneous microstructure by binder migration.[3–5,16]

In Figure 3 and 4, the adhesion strength of electrodes made with
the slurries Reference, A100 (with additive, 100% of passive
materials), A75, and A66 (with additive, passive material reduced
by 25% and 33%) is compared for increasing drying rate, respec-
tively. To investigate the applicability for a multilayer structure as
well, the adhesion strength of a simultaneously coated multilayer
electrode with a thickness ratio of 1:1 with the slurry Reference
coated over A100 is shown in Figure 4. The slurries have the
same solid content of 43 wt% and all electrodes have the same
coating weight of 121� 6 gm�2, a dry film thickness of
139� 7 μm, and a porosity of 58� 2%. For detailed information,
please see Section S3 and S4, Supporting Information.
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Figure 2. Left: viscosity of the slurries Reference, A100, A75, and A66 versus the shear rate. Right: storage and loss modulus versus the frequency for a
deformation of 1%. The phase angle tan(δ)=G 00/G 0 (Section S1, Supporting Information) is used as criterion for gel- or liquid-like behavior.
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Figure 3. Adhesion strength of electrodes made with the slurries
Reference and A100 with the same SBR-binder content for increasing
drying rate. The slurries have the same solid content of 43 wt% and
the electrodes the same coating weight of 121� 6 gm�2, a film thickness
of 139� 7 μm, and porosity of 58� 2%.
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Figure 4. Adhesion strength of electrodes made with the slurries A75 and
A66 with a reduced binder and additive content (by 25% and 33%,
respectively) among a multilayer with thickness ratio 1:1 with Reference
simultaneously coated over A100 for increasing drying rate. The slurries
have the same solid content of 43 wt% and the electrodes have the same
coating weight of 121� 6 gm�2, a film thickness of 139� 7 μm, and
porosity of 58� 2%.
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The electrodes made with the Reference slurry show the
expected behavior of a decreasing adhesion strength with
increasing drying rate. The values reproduce the trend in pub-
lished measurements by Kumberg et al. obtained with the same
experimental setup, materials, and mass fractions as in this
work.[1,4] For the electrodes made with the slurries A100 and
A75 (both with additive), the adhesion strength is not dependent
on the drying rate inside the investigated drying-rate range. The
increase in drying rate corresponds to a reduction of drying time
from over 3min to only 30 s. For an industrial dryer with a fixed
length of 50m for single-side drying, this would lead potentially
to an increase in manufacturing speed from 15 to over
100mmin�1, which is including the process speed range for
a state-of-the-art industrial process.[43]

The adhesion strength of A75 is with an average value of
12.1 Nm�1 by 21% reduced compared to 15.3 Nm�1 of A100,
which resembles the reduction of the passive material. A further
reduction for A66 leads to an adhesion strength of 9.3 Nm�1 for
the lowest drying rate, which follows an almost linear relation-
ship between binder content and adhesion strength in accor-
dance to Diehm et al. for a change of just the mass fraction
of SBR.[21] Hofmann et al. could confirm an increase of adhesion
strength with increasing SBR mass fraction with negative effect
of increasing SBR mass fraction on the cell performance.[44] In
contrast to A100 and A75, the adhesion strength of the electrodes
made with the slurry A66 is deteriorating with increasing drying
rate like for the Reference. Although there is 33% less SBR,
CMC, and CB present in the dry electrode, the adhesion strength
is comparable to the Reference electrode. The addition of
LAPONITE® leads presumably to an increase in adhesion
strength.

As a contrary result to the single-layer Reference, the multi-
layer electrode (Ref. || A100), with additive in the slurry A100 only
in the substrate-near half of the electrode shows an adhesion
strength comparable to the single layer made with A100, even
with increasing drying rate. The samples in the peel test showed
clean delamination of the electrode from the current collector, no
different than the single layers (no delamination between layers).
According to the results it may only be necessary for the
substrate-near layer to supply a strong fixation of SBR against
migration to dominate the adhesion to the current collector.
However, binder migration in the upper layer itself is still possi-
ble even if the adhesion strength as local measurement remains
unchanged with increasing drying rate. If there is a migration
happening is further discussed in Section 2.3. According to
literature on the connection between slurry microstructure
and binder migration, one could get the impression that a gel-
like slurry tends to show a mitigated migration behavior.
Significantly reduced binder migration has been shown for
the drying of graphite anode slurries mixed with a kneader or
hard carbon with smaller particle size.[1,16] Slurries with smaller
particles show a shift toward a gel-like behavior, indicating more
interactions between the components. It is to be noticed that the
slurry A66 still shows a gel-like behavior (phase angle <45°),
however, with frequency-dependent storage modulus. The net-
work may not be as stable as in case of A100 and A75. This indi-
cates that a network, detected by oscillatory shear rheology, only
suggests a mitigated binder migration with increasing drying
rate, but it cannot predict it. Klemens et al. showed similar results

for the comparison of hard carbon electrodes of differently sized
hard carbon for increasing drying rate.[16] In their work, a slurry
with liquid-like behavior showed no binder migration up to a dry-
ing rate of 3 gm�2 s�1, but then changed into migration behavior
for a further increase in drying rate. Other but smaller sized hard
carbons showed a gel-like behavior of the slurry and no binder
migration. They hypothesized that the onset of binder migration
for increasing drying rate is determined by the fixation of the
“CMC network” (CMC/SBR and CB), which can be disturbed
by disruptive capillary transport at a high drying rate.
According to this, the higher adhesion strength in case of addi-
tive usage indicates a mitigated binder migration that could orig-
inate from a changed microstructure of the polymer-particle
network. To not only increase the adhesion strength but mitigate
the binder migration effectively a concentration limit between
A75 and A66 must be reached as indicated by the transition
toward a loss of adhesion strength with increasing drying rate
for the slurry from A75 to A66.

It must be noted that the same increase in drying rate by
changing the flow conditions other than increasing the drying
temperature (as investigated in this work) may show a decrease
of adhesion strength, as shown in literature for anodes using
CMC/SBR as binder.[4,16]

2.3. Binder Distribution

2.3.1. Microstructure in the Wet State

To assess the influence of a changed fixation of the binder and
obtain a better understanding of the adhesion-strength measure-
ments, SEM images of the slurry as well as of the dry microstruc-
ture can be used. One method to reveal the structure of the
colloid network, especially in a slurry with particulate binder,
is cryo-SEM.[1,17,22,45] The method has been used to compare
slurry microstructures and the distribution of CMC/SBR/CB
and active material.[1,22] By freezing the slurry with a nitrogen
slush and preparing a cross section under liquid nitrogen, it
is possible to take SEM images of the slurry microstructure.
In addition to the shape of the graphite particles and it’s general
arrangement, the cryo-SEM technique also shows the surfaces of
the active material particles and a freeze-out structure, which is
partially influenced by plunge freezing of the water.[1,12,45]

Freeze-outs refer to the porous structure of the composite
network that remains after sublimation of the water between
the active material particles. The experimental procedure of
Kumberg et al.[1] was used to investigate the microstructure of
the slurry A100 in comparison to the slurry Reference, having
the same composition and mixing routine as in the literature.
Figure 5 (first row) shows the general arrangement of the com-
ponents for A100 and the Reference.

The image of the slurry A100 shows that the size and shape of
the active material is almost identical to the Reference, which
confirms the measurements for the particle size (Section S2,
Supporting Information). However, the composite network
between the particles consisting of CMC/SBR and CB differs.
The freeze-out bridges connecting the particles seem to be wider
and of a bigger diameter in case of A100 compared to the dis-
persed freeze-outs with a thinner and more ramified structure
in case of the Reference. Figure 5 (second row) shows a higher
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magnification of the contact between the graphite and the
other materials (for more and full-size images of the details
see Section S5, Supporting Information).

In both cases, the surface of the freeze-outs in the composite
network is populated by SBR, like shown in literature for the
Reference [1]. The authors would like to point out that the further
description is based on subjective impression: A close look on the
freeze-out surfaces reveals that they are more homogenously and
densely populated by SBR for the slurry A100. Thus, the contact
points to particles and the bridges between them are covered
more by SBR binder.

From cryo-SEM investigations by Lim et al. it is known that
CMC would competitively adsorb on graphite, hindering the
SBR adsorption on the graphite which is then dispersed in a
colloid network between the graphite.[22] As SBR particles are
generally made polar in water-based dispersions by the use of
surfactants[46] or using carboxylated SBR,[47] the SBR particles
may be attracted to the charged surface of the additive
LAPONITE®. Considering the interaction between CMC and
the additive, this could form a stable composite network.
Among the structure of the colloid network, also its contact with
the graphite might be changed, depending on the surface struc-
ture of the graphite.[48] This behavior could be shown by compar-
ison of graphite with different surface chemistry by Kumberg
et al.[1] and Chang et al.[17] with focus on the shape of the contact

between the particles and the composite network. Other sources
report that the adsorption behavior of CMC on graphite is
strongly influenced by the presence of impurities as centers
for adsorption,[49] that may are augmented by adsorbed
LAPONITE® on the graphite surface. From literature, it is
known that LAPONITE® is able to adsorb on a variety of particles
including carbon nanotubes[50] and also graphite[51] itself.[51]

Although not to be quantified, a comparison of different concen-
trations of LAPONITE® and graphite shows that it works as dis-
persing agent (Section S6, Supporting Information), which
suggests adsorption of the additive on the graphite surface.
With the same graphite used for both slurries, the additive
may act as an intermediary between the surfaces of the hydro-
phobic graphite and the CMC–composite network.

From this point, it is unclear which exact interaction between
slurry components and the additive is the cause for the mitigated
binder migration. However, a general finding can be made: a
changed behavior of the composite network leads to fixation
of the SBR during capillary transport.

To further investigate this, a characterization by means of
zeta-potential measurements[50,52–55] may help to understand
the interactions between the components better and answer
the question if LAPONITE® is an intermediary between CMC–
composite network and the graphite surface or mainly interacts
with the CMC to form a stable network during drying.

Figure 5. Left: Cryo–SEM image of the slurry A100. Right: Cryo–SEM image of the slurry Reference. The slurries have the same composition and the same
mixing procedure in addition to the addition of LAPONITE® to A100. It is to be noted that the filamentary structures in the image of A100 are artifacts of
the broad ion beam treatment. Regions for magnification are marked, respectively. CMC, CB, and SBR form a composite network with freeze outs covered
with SBR. For more and full-size images of the details, see Section S5, Supporting Information.
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2.3.2. Microstructure in the Dry State

The results of the adhesion strength measurements indicate that
much less binder migration is happening for the electrodes
made with A100 and a multilayer structure with A100 in the bot-
tom layer and the Reference in the top layer. A dominating effect
of the bottom layer on adhesion has also been shown for binder-
graded, multilayer electrodes by Diehm et al.[21] concentrating
the amount of SBR in the lower layer of the electrode. One objec-
tive of this was a changed, at least even, distribution of the binder
after drying. However, this was not possible to be directly shown
experimentally. EDS, commonly used for visualization of the
components’ distribution in battery electrodes with an NMP–
PVDF solvent-binder system,[3,56] is unable to differ SBR from
CMC and CB. As the LAPONITE®, containing Mg and Si, holds
atoms specific for it, it is among an additive also a tracer
substance. By comparing the initial composition and the compo-
sition of the dry electrode, findings about the migration of
components in water-based multilayer electrodes can be derived.
This holds especially for the case of a multilayer with no
LAPONITE® in the upper layer.

Figure 6 shows the mass fraction of magnesium (Mg) and
silicon (Si) specific for the additive as well as for sodium (Na)
present in CMC and the additive derived from EDS of the top
surface of the electrodes made with A100, A66, and the multi-
layer Ref. || A100 dried with a drying rate of 3 gm�2 s�1.

The results show an average decrease of 37% in the signal of
Na, Mg, and Si from A100 to A66. This matches with the theo-
retical decrease by a reduction of the additive amount by 33%. As
the additive can be identified by its specific Mg and Si signals, it
should be detectable at the top surface in case of migration dur-
ing drying. However, for the investigation of the multilayer elec-
trode Ref. || A100, no Mg and Si was detected at the top surface.

This shows that a migration of the additive is, for the multilayer,
not taking place from out the bottom layer. Capillary action is not
able to transport a significant amount of additive from the middle
of the electrode (where the layers are coated on each other)
toward the top surface, although capillary transport and binder
migration especially in the upper layer itself were suspected.

At this point, it is known that the microstructure of the slurry,
the microstructure formation and the microstructure in the dry
state are influenced by the additive.

2.4. Electrochemical Characterization

For more binder migration present at higher drying rate (HDR),
the C-rate capability is adversely affected due to an increased
ionic resistance.[2,3,6] In the following, it will be investigated if
the structural changes by the binder migration mitigating addi-
tive are beneficial for electrochemical performance or must be
contained in a functional layer. To test applicability of the addi-
tive in a battery electrode, full cell tests were conducted. Possible
changes regarding the drying rate are considered by comparison
of an LDR (0.75 gm�2 s�1) and HDR (6 gm�2 s�1), respectively.

Figure 7 shows the specific discharge capacity (mAh g�1 of
NCM622) for an increasing C-rate cycling protocol with a subse-
quent test for cycle stability (Section S8, Supporting Information)
for the electrodes made with the slurries Reference and A100 at
LDR and HDR.

All cells show a comparable specific discharge capacity of
166.8� 0.8 mAh g�1, which shows that the additive is mostly
chemically inert and does not adversely affect the formation pro-
cess. Information about the voltage profile of the initial cycles can
be found in the Section S7, Supporting Information. In addition,
it should be noted that long-term cycling shows that there are no
side reactions that reduce capacity in the long term, as can be
seen in Section S8, Supporting Information. As the C rate is
increased from 1 to 3 C, major differences evolve between the
faster and slower dried electrodes made with the slurry
Reference. The specific capacity of the cells with the faster dried
anode Reference drops 10% more from C/20 to 1 C and from
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Figure 6. Mass fraction (wt%) of Na (CMC and additive), Mg and Si
(additive specific) from EDS of the top surface of the electrodes made
with the slurries A100, A66, and a multilayer of thickness ratio 1:1 with
Reference coated simultaneously over A100. The electrodes were dried
with the same drying rate of 3 g m�2 s�1. For the multilayer, no migration
of the additive from the bottom layer to the top of the electrode can be
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C/20 to 2 C even 56%more. This behavior can be explained by an
increased ionic resistance due to an accumulation of SBR at the
top of the electrode. The cells with the anode A100 do not show
the same trend for increasing drying rate. Both slower and faster
dried A100 anodes exhibit a decrease in specific capacity com-
pared to the Reference. Specifically, the capacity drops by 20%
when transitioning from C/20 to 1 C, and by 60% when transi-
tioning from C/20 to 3 C. For 3 and 5 C, the fast dried anodes
made with Reference and A100 behave equally, as the diffusion
limitation in the cathode becomes the determining factor for spe-
cific discharge capacity at high C rates. For the long-term cycling
at 1 C, the effects of drying and additive remain. However, the C-
rate capability of A100 is worse than the Reference at 1 and 2 C.
This may be attributed to a change in ionic resistance due to a
change in the electrodes microstructure.

To determine the origin of the changed C-rate capability for
the A100 anodes, the ionic resistance Rion is evaluated using
electronic impedance spectroscopy (EIS).[57] Landesfeind et al.
assert that Rion is a part of the impedance that scales with
changes of the transport path L, porous cross section Aε (with
the average porosity ε) but also with local changes in the
microstructure (Equation (1)).[57] The ionic resistance can be
transferred into an effective tortuosity τeff, which is not inter-
changeable with other tortuosity definitions like e.g., the path-
length tortuosity τpath ¼ Leff=L.

[57] The primary advantage of
τeff over Rion lies in the comparability of different electrode sam-
ples, which may have deviating thickness, porosity and cross sec-
tion, concerning changes in their microstructure by, e.g., binder
migration.[6]

Rion ∝
Leff
Aeff

¼ L
A
τeff
ε

with τeff 6¼ τpath (1)

Figure 8 shows the effective tortuosity of the electrodes made
with Reference and A100 for the drying rates LDR and HDR.

On the one hand, the effective tortuosity of the electrodes
made with the slurry Reference portray the effect of binder
migration on the effective tortuosity of electrodes by a rise of
80% from drying with LDR to HDR. An accumulation of binder
may lead here to longer pathways and decreased cross-sectional

areas for diffusion by fully or partially blocked pores. On the
other hand, the effective tortuosity for A100 remains at a higher
value of around 13. A higher effective tortuosity fits to the gen-
erally worse, or equal C-rate capability of the anodes made with
A100 compared to the anodes made with the Reference. It indi-
cates that the transport of lithium ions to the graphite surface is
aggravated either by longer diffusion pathways or by changes in
the local microstructure. Comparing the slurries in the cryo-SEM
images, the local arrangement of components is changed indeed
(Figure 4) as well as the dry microstructure (Figure 3). The fact
that the effective tortuosity does not change at increasing drying
rate supports the hypothesis that less binder migration occurs for
the anodes made with A100 unlike for the Reference.

The changed microstructure by use of the additive has ambiv-
alent outcomes that must be utilized by further adaption of the
processing: For A100, there is, from the performance perspec-
tive, no direct benefit for the use of this amount of the additive
in a single layer. However, the concept of its use to mitigate
binder migration may be combined with other approaches for
microstructure optimization. The use in a multilayer with
reduced binder content in the upper layer and additive in a
functional layer will be investigated in future works.

3. Conclusion

In this work, the influence of the additive LAPONITE® on slurry
properties, adhesion strength, and electrochemical performance
was investigated for increasing drying rate. For the materials
used, it could be confirmed that the additive usage transforms
a liquid-like CMC solution into a gel-like dispersion. This influ-
ence could be transferred to water-based electrode slurries even
for a reduction of all the passive materials and hence CMC, SBR,
CB, and additive concentrations by up to 33%.

All the electrodes containing the additive showed a superior
adhesion strength compared to a fast-dried Reference. For
A100, A75, and the multilayer made with A100 near the current
collector, an eight-time faster drying (30 s drying time for electro-
des with 4.2 mAh cm�2 areal capacity) could be realized without
negative impact on adhesion due to binder migration.

However, changes in the compound network between the
graphite in case of A100 are accompanied with an increased
effective tortuosity and a worse C-rate capability compared to
a slow-dried Reference. The effective tortuosity did not rise,
and the C-rate capability was not adversely affected by increasing
the drying rate from 0.75 to 6 gm�2 s�1. Transferring this prop-
erty to a multilayer electrode, further research in splitting the
electrode in a thin bottom layer optimized for adhesion and elec-
tric connection, and a top layer optimized for electrochemical
performance, offers new possibilities, because the characteriza-
tion of a multilayer with the Reference in the top layer and A100
in the bottom layer via EDS did not indicate binder migration
from out the bottom layer.

In summary, binder migration at increasing drying rate can be
reduced using an additive but must be combined with optimiza-
tion of either the formulation or, as the most promising
approach, the use of structural optimization in a multilayer to
be both beneficial for the electrodes adhesion and the perfor-
mance of fast dried electrodes. The alterations in electrode
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Figure 8. Effective tortuosity of electrodes made with the slurries
Reference and A100 for the lower drying rate (LDR) of 0.75 gm�2s�1

and the higher drying rate (HDR) of 6 gm�2 s�1. The electrode structure
is changed toward a higher effective tortuosity for A100, but adverse effects
of a higher drying rate, like for the Reference, are not detected.
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microstructure incorporating LAPONITE® are to be explored in
future studies, along with the coating of multilayer electrodes,
aiming to broaden the scope of microstructure optimization
not only for lithium- but also for sodium-ion batteries.

4. Experimental Section

Mixing of CMC–LAPONITE® Dispersion: The investigated CMC solu-
tions (Sunrose MAC500LC, Nippon Paper Industries, Japan) were made
with a laboratory stirrer (Ø 42mm) dissolver stirrer (IKA, Germany) in a
beaker (800 mL). For the LAPONITE® dispersions, first LAPONITE® RD
(BYK-Chemie GmbH, Germany) was dispersed in water (600 rpm, 10min)
until a bluish transparent dispersion was obtained. CMC was added under
stirring and dissolved (600 rpm, 30–45min) until a transparent solution
was obtained.

Slurry Mixing: The slurries made with the graphite (SMGA, Hitachi
Chemical Co. Ltd., Japan) were mixed in a dissolver (Dispermat SN-10,
VMA Getzmann GmbH Verfahrenstechnik, Germany). First, CB (Super
C65, Timcal SA, Switzerland) was dispersed in a 2 wt% CMC (Sunrose
MAC500LC, Nippon Paper Industries, Japan) solution (1500 rpm,
30min) containing the LAPONITE® already. The active material particles
were added in three steps with short mixing steps (400 rpm, 1 min).
Further water was added for the final solid content. The slurries were then
dispersed further (1500 rpm, 30min). In the final step, SBR (Zeon Europe
GmbH, Japan) was added as dispersion in water (500 rpm, 10min with
degassing). The composition was chosen so that the dry electrode had
the composition as shown in Table 1. The viscosity was measured by a
rotational viscometer Physica MCR 101 (Anton Paar, Germany) with a
plate–plate geometry (Ø25mm, 0.01–1.000 s�1 at 25 °C).

Cryo-SEMMeasurements: The SEM images were taken from slurry sam-
ples frozen in a nitrogen slush. The slurry was coated as a droplet onto a
metal foil and directly frozen. The preparation of a cross section of the
slurry was done under liquid nitrogen using a diamond saw. The samples
were transferred via a nitrogen-cooled shuttle (Leica VCT100) into a
cryogenicbroad-ion-beam treatment (Leica TIC3X). Ion sputtering was
conducted producing a smooth surface (3–4 h, 5 kV). The observation
of the samples in a cryo-SEM (Zeiss Supra 55, equipped with an
Oxford Instruments X-Max150 EDS detector) were conducted at 1 kV
acceleration voltage for high-resolution micrographs and at 8 kV accelera-
tion for electron images in combination with EDS, respectively, a at a
pressure of 2 E-005 mbar and a temperature of �140 °C. By heating up
to –80 °C, the water was sublimated from the surface-near pores to get
a view on the structure of the colloid system between the graphite
particles.

Electrode Coating and Drying: The coating and drying of the graphite
slurries was carried out in a discontinuous process as described by
Baunach et al.[58] The 10 μm copper current collector (Civen Metal
Material Co. Ltd., China) was attached to a temperature-controlled plate
via suction. The coating of the anode slurries was applied with a doctor
blade ZUA 2000.60 (Zehntner GmbH, Switzerland). In case of a simulta-
neousmultilayer coating two doctor blades were joined. The coating gap of
the bottom layer was adjusted assuming a proportional relationship
between coating gap and wet film thickness. Subsequently, the coating
was run under the drying nozzles of an impingement dryer under periodi-
cally movement. The drying rate was set by adjusting the temperature of
the heated plate and drying gas while maintaining a constant heat-transfer
coefficient of the slot nozzle dryer. The dew point of the air supplied was
considered. Table 2 shows the drying rates, the heat-transfer coefficients,
and the drying temperature range. Further information on the drying setup
is given in the literature.[2,4]

Electrode Characterization: The porosity was calculated from the areal
mass loading divided by the layer thickness and the density of the dry
mixture of the components. For the SEM/EDS of the electrode top, a
field-emission SEM (Zeiss Supra 55) from Carl Zeiss AG (Oberkochen,
Germany) was used.

Adhesion Strength: To determine the adhesion strength, 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 anodes
were cut out (width of 30 mm). The sample were fixated with coating side
on an adhesive tape and pressed on by rolling once with a cylindrical
weight (10 kg) to ensure uniform contact. The current collector foil was
peeled off the coating at a constant speed (600mmmin�1) at a 90°–angle
while measuring the peel strength.

Cell Tests: The anodes were electrochemically examined in pouch full
cells (50� 50mm) against a NMC622 counter electrode. Foregoing the
assembly of the cells, the electrodes were post-dried in a vacuum oven
(110 °C, 16 h) to evaporate any residual water. The electrolyte used was
LP30 (BASF) with the conductive salt 1M LiPF6 in an ethylene carbonate
(EC), dimethyl carbonate (DMC) mixture (EC/DMC=50/50, v/v). As
separator S240P30 (SEPARION) was used.

The cycling was carried out in constant current mode inside a voltage
range (3–4.3 V). Different C rates were used for charging and discharging.
After two formation cycles at a C rate of C/20, the C rate was gradually
increased up to 5 C. Then additional steps were carried out at C/2 and
1 C with a subsequent long-term cycling at 1C until the cells reached a
total of 300 cycles.

Impedance Spectroscopy: The ionic resistance Rion was measured in sym-
metric coin cells (CR2032) with one spacer for each electrode and two
glass fiber separators (GF/C, Whatman) per cell. As electrolyte tetrabuty-
lammonium perchlorate (TBAClO4, 10 mM) in EC/DMC (50/50, v/v) was
used (200 μL). It does not contain ions, that can be intercalated into the
active material (blocking electrolyte). The conductivity of this electrolyte
was κ= 0.3505� 0.0011mS cm�1. Electrodes and separators were
punched out with a diameter of 1.6 cm corresponding to an area
A= 2.01 cm2. EIS measurements (10mV perturbation, frequency range
200 kHz–100 mHz) were performed in a temperature-controlled chamber
(BTZ-175, Espec) at 25 °C using a coin cell holder (Dual CR2032 Coin Cell
Holder, Gamry Instruments) with a potentiostat (VSP-300, Biologic). For
evaluation, the EIS software (RelaxIS 3, rhd instruments) was used using a
transmission line model to obtain the ionic transport resistance Rion. The
effective tortuosity was calculated by Equation (2) with the dry film thick-
ness hdry and the porosity ε of the electrode after Landesfeind et al.[57]

τeff ¼
RionAκε
2hdry

(2)
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