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Abstract

Slurries for the manufacturing of cathodes for lithium ion batteries are compared regarding to their colloidal stability by means of rheology.
Model formulations with nanoscaled LiFePO, (LFP) and micron scaled Li(Ni,Mn,Co0)O, (NMC) were prepared by using N-methyl-2-pyrrolidone
(NMP) as solvent. Polyvinylidene difluoride (PVDF) binder and carbon black (CB) conducting additive were added at typical amounts of a few
weight percent. The influence of these inactive electrode components on the physical stability of the dispersions was investigated by steady state
and oscillation experiments. It is demonstrated that the addition of a high molecular weight PVDF binder is sufficient to establish gel formation
by bridging flocculation in case of the nanoscaled cathode material. For the larger micron scaled particles, the formation of a stable coagulated
state is also feasible but it requires the combination of a particulate CB gel and a strengthening PVDF polymer network.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The theoretical performance of a lithium ion battery is
determined by the used electrochemically active and inactive
materials. However, this potential will not fully be exploited
if the processing of these materials is performed inadequately
[1-8]. One of the most critical processing steps in ensuring a
cell with high performance and reliability is the manufacturing
of the electrodes. In this step, the active materials are deposited
on metal foils as porous layers with a typical thickness range
of 50—100 pum, for example by doctor blade, comma bar or slot
die coating [9]. The coating process must result in layers with
very homogenous thickness and density distribution as any
inhomogeneity in the layer might result in undesired local
aging of the electrode [10].

The most important prerequisite for a controlled coating process
is the preparation of homogeneous and stable dispersions of the
active materials and supporting inactive components. Basic slurry
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compositions for cathodes consist of the active material, carbon
black (CB) as a conductive agent and polyvinylidene difluoride
(PVDF) as a binder. The solvent must have the potential to
dissolve PVDF, for which reason N-methyl-2-pyrrolidone (NMP)
is used typically. For most cathode materials, like LiMn,O,
(LMO) or the varieties of Li(Ni,Mn,Co)O, (NMC), mean particle
sizes in the range of 5-10 pm are preferred. Such large particles
allow higher solids contents in the electrode layer facilitating a
higher energy density. Furthermore, the lower specific surface area
of large particles reduces the amount of interaction with the
electrolyte — which plays an important role in the degradation of a
cell. A different situation exists for lithium iron phosphate
LiFePO, (LFP), which is usually prepared as submicron powder.
Submicron sized particles are desirable as the electronic con-
ductivity and the diffusion coefficient of the lithium ions are very
low for this material [11]. Even smaller primary particle sizes
below 100 nm are typical for CB conductive additives. However,
the as-delivered powders contain large agglomerates, which
require an efficient de-agglomeration step before or during the
mixing of the slurry [12]. Despite this broad range of particle sizes
from the nano to the micron scale, it is necessary to prepare a
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Fig. 1. Particle-polymer-interaction in a dispersion with (a) sterically stabilizing dispersant, (b) thickener and (c) coagulating binder.

homogeneous dispersion for all components. Additionally, it must
be stable over a storage time of a few hours as this period can arise
from the dwell time of a slurry in storage tanks and feed pipes of
the mixing and coating units.

The term stability can be understood in various interpreta-
tions. Commonly, stability is defined as the ability of a
dispersion to withstand mass or phase segregation, allowing
the conservation of a homogeneous particle distribution over a
long period of time after the mixing step. Segregation can be
caused by sedimentation, coagulation or Ostwald ripening. For
colloidal battery slurries, the main problems arise from
sedimentation of large active materials or agglomeration of
small active and inactive particles.

Resistance to agglomeration or sedimentation may result
either from repulsive particle interactions or from attractive
forces creating a three dimensional interconnected network. In
the first case, a repulsive electrostatic or steric potential energy
barrier prevents discrete particles from forming larger agglom-
erates (Fig. la) [13]. However, this condition can suppress
sedimentation only for very small particles, where the Brow-
nian motion dominates over gravity allowing these particles to
float in the liquid. A lot of active battery materials are in
principle too large to be prevented from settling, even if they
are stabilized as individual particles.

The term stable is usually relative as it also refers to a state
with sufficiently low rate of coagulation or sedimentation.
Another way to achieve stability is therefore a reduction of the
mobility of the particles in the dispersion. This can be simply
realized by increasing the viscosity of a slurry, e.g. by addition
of thickening agents (Fig. 1b) [14]. A higher viscosity
decreases the kinetic energy of the particles and prevents them
from overcoming repulsive energy barriers, and according to
Stokes law, reduces the sedimentation speed of the particles.
However, the requirements of a coating process involve a
castable formulation, therefore limiting the applicable viscosity
range. Under these preconditions, an efficient depression of
sedimentation effects cannot be achieved by a plain viscosity
rise, especially for large particles.

More successful is an approach based on the formation of a
weakly coagulated state. In this case, a cohesive, non-touching
network is built by individual particles (Fig. lc), which is
voluminous enough to span the container [15,16]. Strong
attractive interactions promote flocculation of particles and

irreversible destabilization of the dispersion, whereas in a weakly
coagulated system the particles form metastable, secondary bond
based structures, which hold these particles at distance. Suited
systems provide sufficient attraction to stabilize the particle
network against gravitational effects like sedimentation of discrete
particles. Also, they must have enough load capacity to prevent
the particle network from consolidating by its own weight, but
can be fluidized even at low shear rates and facilitate reformation
on cessation of the flow.

Characteristic for weakly coagulated dispersions is the
formation of a gel system with a mild yield point and extensive
shear thinning behavior at relatively low solids loading
(volume fraction ©<0.6) [16]. The transformation from an
aggregated particle network to a liquid-like system is caused
by a gradual disruption of links between the particles. There-
fore, it does not take place at a defined shear stress but in a
broad transition zone.

In this study, we compare the colloidal stability of various
NMP based cathode slurries by means of rheological testing.
NMC or LFP active materials and carbon black were used as
particulates to cover a broad range of particle sizes from the
nano to the micron range. Two commercial PVDF grades,
which are specifically recommended for application in lithium
ion batteries, were chosen as polymeric binders and compared
with emphasis on their influence on the rheology of the pastes.

2. Experimental

Slurries for the manufacturing of cathode coatings were
prepared by mixing active cathode materials and CB powder
with PVDF resins in NMP without further additives. LiFePO,
(SC/P2, Siid-Chemie AG, Germany) with a median of 130 nm,
measured by electroacoustic spectrometry (DT1200, Disper-
sion Technology, USA) and a BET specific surface of 16 m*/g
(measured by Flowsorb II 2300, Micromeritics, USA) was
chosen as an example for a nanoscaled cathode material. The
micron size is represented by a Li(Ni;;s3Mn;,3Co0;/,3)O, (NM-
3100, Toda America, USA) with a mean particle size of
89um and a BET surface of 0.4 m*g. Densities of the
powders were measured by a helium pycnometer (Pycnomatic
ATC, Porotec, Germany) with an outcome of 3.46 g/cm3 for
LFP and 4.63 g/cm® for NMC.
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Emulsion precipitated PVDF binders (KYNAR 761 and
KYNAR HSV 900, Arkema Inc., France) were used. Both types
represent homopolymers with different molecular weights
(KYNAR 761: 370.000-450.000 g/mol, KYNAR HSV 900:
900.000-1.300.000 g/mol). As a conductive additive, carbon black
(Super C65, Timcal Ltd., Switzerland) with a BET surface of
62 m?/g and a mean TEM particle size of 35 nm was used [17].

First of all, the binder was dissolved in NMP (Sigma
Aldrich, Germany) at ambient temperature. The mixtures,
consisting of powders and binder stock solution, were adjusted
with additional NMP to a solid loading of 20 or 30 vol% and a
binder content of 5 or 10 wt% (relative to the weight of the
dried active material). Carbon black content was adjusted to
4 wt% (also dry weight base of active material). The active
material was usually added after dispersing the carbon black.
Additionally, a sample of NMC and carbon black were
blended in a high speed dry mixer (Hosokawa Micron Nobilta
NOB-130, Japan) at 2800 RPM for 10 min before being
dispersed in the binder solution. Wet mixing was performed
in a vacuum equipped dissolver (VMA Getzmann, Germany)
with a maximum speed of 2000 RPM for 30 min.

Sedimentation effects can hardly be detected in the black
colored and nontransparent cathode slurries on a short-time
level by optical means. Therefore rheological tests are pre-
ferred for characterization as these investigations not only
provide information about the flowability of a dispersion, but
also concern the segregation stability by looking at the
response of a resting system under the impact of low forces.
Rheological tests were carried out using steady state flow,
amplitude and frequency sweep tests. A rheometer (MCR 300,
Paar Physica, Austria) with a plate—plate geometry (PP50, gap
1 mm) at a temperature of 25 °C was used for the tests.
Measurements were performed immediately after finishing the
mixing process, beginning with steady state flow and followed
by the oscillation tests. Prior to all measurement runs, the
inserted samples were exposed to a two-minute equilibrium
period which ensures the correct temperature of the samples
and an acceptable level of the residual normal force. Before
starting the oscillation tests, the idle time of the residual slurry
during the steady state tests was compensated by an additional
rotation step within the rheometer (1 min at 50 1/s).

Steady state flow tests were used for the detection of
viscosity and shear thinning behavior. For the determination
of yield points, strain against shear stress curves were
analyzed. However, steady state flow tests provide sufficient
information only for purely viscous systems, but an addition of
binder changes the rheological behavior to viscoelastic. In this
case more detailed information about the dispersion will be
obtained by dynamic oscillatory shear measurements [18].
Amplitude sweeps provide information about the product
stability, e.g. the strength of the aggregated state. Time
dependent response of the dispersion structure to deformations
can be obtained by frequency sweeps, ranging from gradual
load (low frequency) up to impact (high frequency). This gives
an indication of the structure stability for a length of time, e.g.
the idle consistence, segregation characteristic, transport sta-
bility and longtime storage behavior of dispersions.

A measure of the elastic strength of a dispersion is the
cohesive energy E.,, which represents the work required to
maintain the spatial particle distribution [19]. E.,, can be
obtained from the strain y.; at the end of the linear-
viscoelastic region and the magnitude of G’ in the linear-
viscoelastic region by the following equation:

Ecoh = §G/73m

It should be noted that there is typically no quantitative
correlation between the flow curve yield stress and the
dynamic yield stress [20]. However, both can be used for the
quantitative evaluation of dispersions as they reflect the
response of the physical structure to mechanical impact.

3. Results

Flow curves of freshly prepared slurries with 20 vol% LFP
powder and different PVDF binder additives are depicted in
Fig. 2. Shear rates in the used doctor-blade coating device are
smaller than 100 1/s. Therefore, a shear rate of 50 1/s was
defined as a reference value to compare the viscosities of
different slurries. For the addition of 5 wt% 761 or HSV binder
a viscosity of 1.0 Pa s or 10.8 Pa s was measured, respectively.
While the lower viscosity value roughly marks the lower end
of the processing range, the higher value stands for the
maximum feasible viscosity of the used coating device. With
10 wt% 761 a viscosity of 3.6 Pa s is measured, which is well
within the processing window of the used coating device.

All LFP slurries show shear thinning behavior and, more or
less, the existence of a yield point. This can be deduced from
the extended vertical branch in the low shear rate section of the
flow curves. The formation of a yield point becomes more
evident in the profile of the strain against shear stress curves
with double logarithmic scaling (deformation curves), where it
normally appears as an inflection point separating the ranges of
elastically deformation and plastic flow. However, due to the
viscoelastic nature of the investigated slurries, no sharp kink,
but a broad transition zone can be seen in Fig. 3. The start of
this transition zone will be usually declared as the yield point.
For the LFP slurries, an increasing yield point is resulting at
higher viscosity.
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Fig. 2. Flow (filled symbols) and viscosity (unfilled symbols) curves of NMP
based slurries with 20 vol% LFP powder and PVDF binders.
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Fig. 3. Deformation curves of NMP based slurries with 20 vol% LFP powder
and PVDF binders (arrows refer to yield point of the slurries).
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Fig. 4. Flow (filled symbols) and viscosity (unfilled symbols) curves of NMP
slurries with NMC powder and PVDF binders.

Using the coarse NMC powder, the slurries exhibit a much
lower viscosity at the same solid content of 20 vol% (Fig. 4)
compared to the fine LFP powder. For example, after addition
of 5 wt% HSV binder only 1.9 Pa s is received at a shear rate
of 50 1/s. The NMC slurries reveal no indication of a yield
point and only a slight shear thinning behavior. After increas-
ing the NMC content up to 30 vol%, a distinct viscosity rise
takes place, but flow curves (Fig. 4) or deformation curves
(Fig. 5) still show no indication of a yield point. This is also
affirmed by oscillatory shear measurements. For amplitude
sweeps (Fig. 6) as well as for frequency sweeps (Fig. 7), the
loss modulus G" dominates over the storage modulus G’. This
behavior is typical for fluid type systems which do not reveal a
yield point.

The properties of NMC slurries drastically change after an
addition of 4 wt% CB. Firstly, the viscosity increases, e.g.
from 1.9 Pa s to 6.2 Pa s for the slurry with 20 vol% NMC and
5 wt% HSV (Fig. 8). The CB containing slurries also exhibit
shear thinning and a distinct yield point. The existence of a
yield point can be recognized in the deformation curves
(Fig. 9) and in the oscillatory curves. In case of amplitude
sweeps the storage modulus G’ dominates in the low shear
range (with a crossover at approximately 10% strain) (Fig. 10)
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Fig. 5. Deformation curves of NMP based slurries with NMC powder and
PVDF binders.
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Fig. 6. Amplitude sweeps of NMP based slurries with NMC powder and
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Fig. 7. Frequency sweeps of NMP based slurries with NMC powder and
PVDF binders (strain y=0,1%).

and in frequency sweeps over the whole frequency range
(Fig. 11), which is characteristic for a gel type system. The
relevance of CB for the formation of the gel structure is also
depicted in Fig. 12a and b, at a slurry containing 20 vol%
NMC and 4 wt% CB, but no PVDF. Even without the binder,
the oscillation measurements show the typical pattern of a gel.
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Fig. 8. Flow (filled symbols) and viscosity (unfilled symbols) curves of NMP
slurries with NMC powder, PVDF binder and carbon black.
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Fig. 9. Deformation curves of NMP slurries with NMC powder, PVDF binders
and carbon black (arrows refer to existing yield points of the slurries).
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However, if CB is not intermixed to the binder solution as
an individual component but dry blended with NMC powder in
a high speed mixer at first, gel formation is not observed. In
this case the flow behavior is liquid-like and the resulting
viscosity is nearly identical to that of the NMC dispersion
without CB (Figs. 8—11).
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Fig. 11. Amplitude sweeps of NMP based slurries with NMC powder, PVDF
binder and carbon black (strain y=0,1%).

4. Discussion

Comparing slurries with identical volume content of solids
and identical binder mass fraction but without CB reveals that
the dispersions with LFP powder form a gel type structure
while NMC dispersions are exhibiting a fluid type behavior.
It has to be taken into account that the absolute binder content
for the NMC slurry is higher due to the higher density of this
active material. Nevertheless, this difference persists even at
high viscosities. The reason seems to be the distinct difference
in the particle size of the active materials which is nearly
seventy times larger for the NMC. A variation in the chemical
nature of the particle surface might also be an explanation.
However, this seems not to be the case, as further experiments
with a larger, micron sized LFP (not presented here) also
exhibit a fluid type behavior.

The hypothetical contour length of an unbranched PVDF
macro molecule in stretched configuration can be estimated
from the size of the orthorhombic unit cell in the c-direction
(0.462 nm [21]). For a homopolymer PVDF (—-CH,CF,-) with
a molecular weight of 400.000 g/mol an approximate chain
length of 29 pm and 7.2 pm for 1.000.000 g/mol can be
calculated, respectively. However, in solution the polymer
chains should not exist in stretched configuration but form a
random coil structure whose dimensions also depend on its
interaction with the solvent. As NMP is a good solvent for
PVDF the macromolecules will expand in this solvent.
Lutringer and Weill determined the z-average radius of
gyration of various PVDF samples in NMP by light-
scattering experiments [22]. Exemplary results were 44.1 +
5.0 nm and 74.2 + 6.0 nm for molecular weights of (310 +
10) x 10~ g/mol and (702 + 20) x 10~ g/mol respectively.
The radius of gyration is defined as the quadratic mean
distance of the collection of monomers from their common
center of gravity. It is smaller than the hydrodynamic radius
but allows an estimation of the molecular size as the majority
of the monomers is located within a spherical shell with the
radius of gyration. From these results it can be derived that in
solution the characteristic diameters of the used PVDF
molecules are set in the range of 100-200 nm, i.e. roughly at
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Fig. 12. Amplitude (a) and frequency (b) sweeps of NMP based slurries with NMC powder and carbon black, but without binder.

the size of the LFP powder, but larger than the carbon black
particles and significantly smaller than the NMC particles.

A change in the configuration of the PVDF occurs when the
molecule gets into contact with a solid interface. Parts of the
polymer chain can adsorb at the surface of the particles
forming so-called trains, while other parts extend into the
solvent as loops or tails [24]. This process is fairly complicated
as it involves polymer/surface interaction, polymer/solvent
interaction and the configuration of the polymer chain. How-
ever, it can be expected that at low adsorption energy extended
loops or tails are favored, whereas at high adsorption energy,
long trains and short loops or tails predominate, leading to a
more flattened conformation.

An absorbed PVDF polymer layer prevents direct contact of
particle surfaces and has therefore the potential to stabilize a
suspension against agglomeration. However, extended poly-
mers can also interact with other particles or another adsorbed
polymer layers. Especially, when segments of one polymer
chain adsorb on different particles aggregation takes place by
bridging flocculation. On large particles with a high number of
interacting sites a more flat configuration of the binder
molecule is probable. This arrangement decreases the prob-
ability of interaction with other particles. Small particles, on
the other hand, provide less adsorption sites for a single binder
molecule. In this case, the polymer chains tend to protrude
from the surface. If this leads to the entanglement of polymer
chains or bridging of two or more particles, a gelled network is
formed.

If the binder molecules are considerably smaller than the
particles, also a significant portion of the binder can deposit at
locations where the distance to the next particle gets so large
that bridging becomes unlikely. In that case the molecules
become inactive as they do not play a role for the formation of
an attractive network.

It is known from PVDF/LiCoO, composites that they
exhibit only poor binder/particle interfacial adhesion [23].
Due to the related chemical surface, this should also be valid
for NMC. In combination with the reduced number of bonds
due to the lower number of particles, the overall attractive
interaction in the NMC particle network is reduced in such a
way that structural breakdown is induced even at low shear
stresses, not allowing the formation of a stable gel.

Table 1
Cohesive energy E.,, of slurries with 20 vol% NMC +4 wt% carbon black.

Binder Eeo/1070 J/m®
No binder 198
5 mass% 761 1975
5 mass% HSV 1045

These arguments provide explanations for the improved
stability of submicron LFP particles in contrast to the much
larger NMC particles in a pure binder solution. However,
slurries containing micron sized NMC particles also have the
capability to form a coagulated structure by the addition of
nanoscaled CB particles. CB can be electrostatically stabilized
in NMP without additional dispersants as these particles are
charged by counterions from dissociating surface groups [25].
For NMC, on the other hand, the attractive van-der-Waals
forces seem to dominate as dispersions without stabilizing
agents were found to show intense flocculation tendency. It is
known that dispersions with mixtures of attractive micropar-
ticles and repulsive nanoparticles with a high size ratio form a
colloidal gel at high and low nanoparticle content, respectively,
while at intermediate nanoparticle volume fractions a stable
colloidal fluid can exist [26]. Gel formation can also be
observed in the oscillation measurement results for NMC/CB
mixtures. However, without binder these gels are not very
robust; they do not support their own weight and settle
quickly. For adequate gel strength, the addition of polymer
binders is required. The influence of a binder on the elastic
strength of a gel is also depicted by a large increase of the
cohesive energy E.., (Table 1). It is noticeable that the high
molecular weight binder (HSV) produces a lower gel strength
produces a lower corresponding yield point (Fig. 9), despite an
increased slurry viscosity. An explanation might be a time
dependent buildup of the cohesive network which is retarded
for binders with extended molecular chains.

One reason for the stabilizing effect of the binders used here
might be the affinity of CB nanoparticles to PVDF. In SEM
micrographs of dried electrodes it can be typically observed
that CB is not homogeneously distributed on the surface of the
cathode material (Fig. 13). Rather, binder and CB form a film
which provides an interconnecting conductive network and
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Fig. 13. SEM micrograph of a NMC cathode particles with adhering PVDF/
carbon black clusters.
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Fig. 14. SEM micrograph of NMC particles after dry blending with carbon
black. NMC particles are covered with the fixed carbon black particles.

simultaneously links the NMC particles together. This is also
consistent with the results of Zheng et al. [27], where the
PDVF consuming effect of carbon nanoparticles was depicted.
It is probable that this type of interaction already exists in the
suspension state. The consequence would be that a homo-
geneous distribution of CB is disrupted in the slurry by the
PVDF binder as a fraction of the nanoparticles is already
trapped in the polymer matrix. Gel formation would then
mainly be supported by the interaction of the nanoparticles
with the entangled polymer chains.

The influence of carbon black nanoparticles on the stability
of NMC slurries becomes similarly visible by premixing the
particulate components in a high-speed dry mixer. By this
process, the carbon black particles are firmly bound as deposits
on the surface of the NMC particles (Fig. 14), where they even
withstand the subsequent slurry mixing step. This immobiliza-
tion has severe consequences on the rheology as the resulting
slurries become incapable of building a percolation structure.
The flow behavior is nearly identical to slurries without CB, i.e.
no yield point exists and the NMC particles are not stabilized
against segregation.

5. Conclusion

Binder and carbon black are essential components of
electrodes for lithium ion batteries. The main function of the
binder is the improvement of the mechanical strength and the
adhesion of the electrode on the current collector. Carbon
black is added to increase the electrical conductivity of the
electrode. However, both additives also play an important role
during slurry preparation and electrode processing. One vital
aspect is the stabilization of slurries against segregation,
mostly against sedimentation of the particles. Instead of
stabilizing the colloids against any form of aggregation, it is
more beneficial to promote weak coagulation of these disper-
sions. Weak attractive forces can stabilize homogeneous
particle systems by the development of a gel network, which
immobilizes the particles. However, the strength of attraction
must be adjusted properly in order to withstand gravity, but
also to prevent the formation of a robust network which does
not allow complete fluidization for the electrode coating
process.

In the case of the nanoscaled LFP powder, the addition of a
PVDF binder with sufficient long chain length was found to
cause gel formation in NMP by bridging flocculation. The
micron sized NMC particles in association with the compar-
ably small binder molecules did not allow a creation of a stable
polymer gel structure. Here, the addition of nanosized carbon
black was necessary to provide attraction between the NMC
particles by formation of a particulate gel. However, the PVDF
binder also became important, as only the combination of
polymer and particulate additives provided sufficient gel
strength to stabilize the large NMC particles against rapid
sedimentation.

It should be noted, that additives, like binder or carbon
black, are chosen and optimized predominantly for their
impact on the electrochemical properties of the electrode. It
is a fortunate coincidence, that frequently used battery
compositions also have a beneficial influence on the colloidal
stability of the slurries. The supplementary relevance of these
components for slurry processing is thus often overlooked.
However, since a stabilizing effect cannot be expected for all
compositions, it is of advantage to know more about these
relationships.
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