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The dispersion behavior of lithium cobalt oxide (LCO) and acetylene black (AB) particles in the preparation
process of the cathode slurry of LiB is investigated from the rheological viewpoint. The cathode slurry is
considered as the dispersion of coarse LCO particles in the viscoelastic AB slurry. Viscosity as well as loss modulus
of the cathode slurry are estimated from those of the AB slurry using and compared the measured results. After
forming the AB network structure or When AB content is high enough, LCO particles can enter and destroy the AB
network structure. As a result, LCO particles and fragmented AB network structures are homogeneously mixed,
exhibiting better discharge performance. Once the cathode slurry is excessively diluted, the LCO particles are
excluded from the AB network structure, resulting in low discharge capacity. Over fragmentation using a high-
shear device causes the AB network structure into too small segments, which also lowers the battery perfor-
mance. Viscosity is helpful to understand the entrance of LCO particles into the AB network, and the storage
modulus detects the destruction of the AB network structure during the preparation process of cathode slurry.

1. Introduction

To achieve a better and more sustainable future, establishing a
cleaner and more efficient transportation system is urgently required.
Electric vehicles (EVs) can replace fossil fuel use with renewable energy
using rechargeable batteries. Although EVs nowadays become popular in
some limited areas, we need to endeavor to acquire the manufacturing
technology of high-performance rechargeable batteries toward the global
spread of EVs. Lithium-ion Batteries (LiBs) are one the most popular
rechargeable batteries these days. LiBs are composed of the cathode and
anode, a separator, and electrolyte solution, which current collectors
squeeze. Among them, active materials for the electrodes have attracted
much attention because the capacity of the material directly contributes
to the battery capacity. Although rare metal oxides are now basically
used as active materials of the cathode, due to the enormous storage
capacity of Lithium ions, Sulphur or its compounds are expected as the
next-generation active materials for cathodes [1-7]. On the other hand,
the anode contains carbon materials to store lithium ions. Due to the
theoretical limit of the storage capacity, however, the active materials

may shift to silicon-based materials [8-12]. When those traditional ma-
terials change into novel ones, manufacturing electrodes from raw ma-
terials will leave a practical problem [3-12].

The manufacturing process of electrodes consists of (1) dispersing
particulate raw materials in a liquid phase to prepare an electrode slurry,
(2) coating the slurry on a current collector, (3) drying the coated slurry,
and (4) finally pressing the dried film. Among them, the preparation
process of the slurry is the first step and significantly affects the following
processes. In this decade, many researchers pointed out the significance
of this process [13-21]. The effect of the preparation condition on the
electrochemical performance has been demonstrated for the cathode
systems of Sulphur-based materials [5,6] and Lithium oxide one [16-21].
For example, Lee et al. studied the effect of solvent addition and revealed
the multi-step addition is favorable to obtain a fluid-like slurry. Kuratani
et al. unveiled that excessive dispersion of such a fluid-like slurry resulted
in a significant reduction in electrical conductivity and discharge ca-
pacity due to the destruction of the conductive network [19]. The
importance of the slurry preparation process for better battery perfor-
mance was proven in the slurries of anodes containing silicon [8] or
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Fig. 1. Preparation scheme of cathode slurry.

carbon [22] particles. However, it is pointed out that the preparation
process of cathode slurry is more difficult even in the choice of mixing
equipment [23].

In the following processes after the slurry preparation, however,
many unknown factors are affecting the final performance of the battery.
For example, it is pointed out that a higher coating shear rate resulted in
higher discharge capacity [24]. It is reported that the reduction of vis-
cosity by elevating coating temperature improves the productivity of the
cathode [25]. In most studies mentioned above, the rheological proper-
ties of the slurry were measured to characterize the slurries or to discuss
the behavior of particulate materials and binders in the slurry [26-35].
Bauer and Notzel examined the determinant factors on the rheological
behavior of the cathode slurry [27]. They depicted that finer particles
control the rheological behavior. Ma et al. proposed the microstructure
model to explain the rheological behavior of anode slurry, but the model
for cathode slurry must be challenging [30]. The role of binder on the
microstructure of cathode slurry has been studied from a rheological
viewpoint [31]. Takeno et al. tried to understand the rheological
behavior with the help of the impedance measurement [32,33]. The
rheological characterization of cathode slurry has been utilized to clarify
the microstructural change with the increase in particle content [34,35].
However, it seems that the way how the internal structure is developed
during the slurry preparation process and the effect of the operating
condition on the structure of the slurry have not been well studied for
cathode slurry.

Our previous work focused on the slurry preparation step because the
dispersion state of particulate raw materials in electrode slurry is to be
controlled in this step and affects battery performance [19]. We
demonstrated that the dispersion state was changed by the procedure of
slurry preparation and characterized by viscoelastic properties. Addi-
tionally, those slurries were converted to electrodes respectively and
exhibited different rate performances. It was brought to the light that
gradual dilution of dense slurry gives a better dispersion state and better
battery performance. It was also reported that excessive dispersion de-
teriorates rate performance, probably due to the destruction of electri-
cally conductive paths, which is sensed by viscoelastic measurement even
in the slurry. The cathode of LiBs contains a small number of conductive
additives, i.e., acetylene black (AB), to construct the conductive paths. In
other words, a scientific subject in the slurry preparation herein is the
way how to attain a favorable dispersion state of particles even in the

conflicting issues between the dispersion of AB particles and the main-
tenance of AB networks. For novel active materials, the performance gap
between raw materials and finished batteries may be substantially caused
by the lack of knowledge on the dispersion state of materials in the slurry.
In the present study, we again focus on the rheological properties of the
slurry to understand the internal structure in terms of its formation or
destruction during the slurry preparation process and then investigate
the effect of mixing procedures on the structural change.

2. Experiment
2.1. Materials and slurry preparation

The cathode slurry prepared in the present study consists of lithium
cobalt oxide (LiCoO5 or LCO, Nippon Chemical Industrial Co., Ltd.,
Japan) as active materials, acetylene black (AB, Li-100, Denka Co., Ltd.,
Japan) as conductive aids, polyvinylidene fluoride (PVDF, #1120, My =
2.8 x 10°, Kureha Co., Ltd., Japan) as a binder, and N-methyl-2-pyrro-
lidone (NMP, FUJIFILM Wako Pure Chemical Co., Ltd.) as a solvent.
PVDF is added as 12 wt% NMP solution and then finally diluted to 8 wt%
with the addition of NMP. Mean particle sizes of LCO and AB are 6.8 pm
and 35 nm, and their specific gravities are 5.1 and 2.0, respectively.
However, AB particles often form aggregates, which is difficult to
disaggregate. AB particles were dispersed into a plenty amount of NMP
and then a single aggregate was observed by SEM after evaporating NMP.
As a result, we found that the aggregate has a size of roughly 500 nm. The
cathode slurry in the present study can be considered a mixture of 0.5 pm
AB aggregates, 6.8 um LCO particles, 12 wt% PVDF solution.

Different procedures produce three kinds of cathode slurries, as
shown in Fig. 1. According to a practical slurry preparation procedure, all
materials other than diluent NMP are first mixed in a 150 ml cup, and
then the addition of 1/5 portion of diluent NMP and the mixing are
repeated five times. Each mixing operation is carried out using a plane-
tary centrifugal mixer (ARE-310, Thinky Co., Ltd., Japan) operated at
2000 rpm for 3 min in each. As a labor-saving simple procedure, all
materials are added to the cup at one time and then mixed six times in
total. They are referred to as “in-whole” and “in-parts” processes here-
after. On the contrary, to disperse each material carefully in separate
stages, AB slurry is first prepared using all materials other than LCO
either by in-whole or in-parts process. Then, since they showed similar
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Table 1
COMPOSITIONS OF TEST SLURRIES.
Cathode slurry LCO slurry AB slurry
Weight ratio Vol. %
LCO 100 19 20 -
AB 4 2 - 2.5
PVDF 6.5 79 80 97.5

NMP 75

rheological behavior, LCO particles were added to the in-whole AB
slurry, and the mixing operation was repeated additional ten times. The
procedure is called a “sequential process” hereafter.

The composition of the cathode slurry is represented by the weight
fractions of AB and PVDF with respect to LCO. The amount of diluent
NMP was decided to reduce the concentration of the PVDF solution from
12 to 8 wt%. To characterize the dispersion state of LCO particles in PVDF
solution, LCO slurry is prepared using all materials except AB. The
composition of the cathode slurry in detail is found in Table 1 and that of
AB or LCO slurry. The cathode slurry with higher AB content is too
elastic, exhibiting poor fluidity, whereas enough AB network structure
cannot be formed in the cathode slurry containing less AB.

2.2. Rheological measurements of cathode slurries

Rheological measurements are performed at 25 °C using a stress-
controlled rheometer (MCR702, Anton Paar GmbH, Austria) with a
cone-plate geometry having a diameter of 50 mm and a cone angle of 1°.
In the viscosity measurement, the pre-shear of 0.1 s~ for 200 s first
applies to the sample for good reproducibility, and then the shear rate
increases logarithmically from 0.1 to 1000 s~ 1. Viscosity at each shear
rate is obtained after attaining stable shear stress. In the viscoelastic
measurement, on the other hand, storage and loss moduli are measured
as increasing the frequency logarithmically from 0.1 to 100 Hz at the
maximum strain of 0.01%, being known as a frequency sweep test. When
the maximum strain is sufficiently small, the internal structure of the
slurry is maintained during this measurement. Storage modulus stands
for the stiffness or elasticity of the structure formed in the slurry, whereas
loss modulus corresponds to fluidity. Loss tangent is the ratio of loss
modulus to storage one.

3. Results and discussion
3.1. Estimation of rheological properties of cathode slurry

Various equations to estimate the viscosity of a suspension of coarse
non-colloidal particles 5 are proposed using particle volume fraction ¢
and dispersing medium viscosity 7,, such as the classical Krieger-
Dougherty (K-D) equation as shown in Eq. (1) [36].

@ —2.5¢m
’7:’/0(1 __) @
wm

where ¢, indicates the maximum volume fraction of the particles. The
dispersing medium is treated as a continuum if its internal microstructure
is sufficiently smaller than the particle. Lutringer and Weill investigated
the gyration size of PVDF molecules in various solvents by light scattering
technique [37]. Since the PVDF used in this study is KF1100, which
should exhibit properties similar to KF1000 found in the reference, the
size of PVDF used is estimated to be approximately 30 nm, which is much
smaller than the size of AB aggregate. Therefore, the PVDF solution is
considered a homogenous dispersing medium. Similarly, since AB ag-
gregates are sufficiently smaller than a single LCO particle, the mixture of
AB particles and PVDF solution is still considered as a homogenous
dispersing medium of coarse LCO particles in the cathode slurry. Ac-
cording to Farris approach [38], we can calculate the cathode slurry
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Fig. 2. Rheological properties of PVDF solution, AB slurry, and LCO slurry. “K-D
Eq.” represents the estimated value of LCO slurry from the rheological properties
of PVDF solution and particle volume fraction of LCO particles using Krieger-
Dougherty Equation.

viscosity using the volume fraction of coarse LCO particles, ¢; and AB
slurry viscosity, 7,5. The AB slurry viscosity is calculated using the solid
volume fraction in AB slurry, (/JfAB and the PVDF solution viscosity, 7p.
When applying the K-D equation, the cathode slurry viscosity is
expressed by Eq. (2). The effective maximum volume fractions ¢ ,; and
¢ are introduced here to consider the difference in the packing state of
each particle due to the formation of aggregates.

25 ~250], 2
; . <17 (/‘L> 2-5/«.1.L:’7 - (/)&B AB<17 (/)L> 2.5¢m, L
cathode AB Omi P (ﬂ{mAB Pl
®))

To elucidate the effect of particle aggregation on the cathode slurry
viscosity, the rheological behaviors of the PVDF solution, AB slurry, and
LCO slurry are examined. 8 wt% PVDF solution is prepared by the
addition of NMP to 12 wt% PVDF solution, and the viscosity, 7;, is
measured. LCO or AB particles are dispersed into the 8 wt% PVDF so-
lution by the in-whole process to produce LCO or AB slurry, respectively.
As already given in Table 1, the particle volume fractions of the LCO and

AB slurries were ¢f = 0.20 and ¢ = 0.025, respectively. The results of
the viscosity measurement are shown in Fig. 2 together with those of the
frequency sweep test. PVDF solution is considered a Newtonian fluid,
exhibiting constant viscosity, linear relationship of loss modulus against
frequency, and loss modulus sufficiently larger than storage one. In
general, when polymer chains entangle each other in the solution, the
dissociation of the entanglement with the increase in shear rate results in
viscosity decreases. Therefore, it is found that PVDF molecules possess
relatively small volumes and are separated from each other. Moreover,
the rheological behaviors of the LCO slurry and PVDF solution are alike.
The LCO slurry viscosity calculated by the K-D equation using 5, ¢f and
the maximum volume fraction ¢, ; = 0.64, is expressed by a dashed red
line in Fig. 2a. Dynamic moduli are also multiplied by the same degree of
viscosity increase and expressed as dashed red lines in Fig. 2b as well. The
good agreements between measured and estimated values in either vis-
cosity or dynamic moduli suggest that LCO particles are well dispersed in
the PVDF solution. Meins et al. studied the effect of particle addition into
polymer melt on dynamic moduli [39]. They insisted that the
frequency-dependence of liner elastic moduli did not change with the
inclusion of micron-sized particles because large solids only play the role
of increasing hydrodynamic perturbations or viscous terms.

In contrast, the AB slurry viscosity is noticeably large and decreases
significantly as increasing shear rate. Even at the highest shear rate of
1000 s~ 1, the relative viscosity 7,5/17p is 3.5, which corresponds to the
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Fig. 3. Viscosity changes in the first and second steps of the sequential prepa-
ration process. AB slurry is finally obtained in the first step, while the second
step produces cathode slurry. The cathode slurry viscosity is estimated from AB
slurry viscosity and LCO volume fraction and denoted by “Estimation.”

particle volume fraction of 0.35 in the K-D equation. The storage modulus
is much larger than the loss modulus and roughly constant in the entire
frequency range. The plateau region of storage modulus in a low-
frequency range, namely a second plateau, indicates the presence of
the network structure of AB aggregates that extends throughout the
slurry. It is thus concluded that an effective solid volume fraction is
increased not only by the aggregation of primary AB particles but also by
the network formation of AB aggregates and gradually decreased with
the structural destruction as increasing shear rate, which is the mecha-
nism to exhibit the shear-thinning behavior. The following insight can be
drawn from these rheological examinations; LCO particles are essentially
easy to be dispersed into PVDF solution; the scientific subjects in the
slurry preparation process are how LCO particles and AB network
structures are homogenized and how the stiff AB network structure is
destructed.

Before moving to the rheological analysis of the slurry preparation
process, the role of PVDF in cathode slurry is discussed. When AB par-
ticles are dispersed into NMP without PVDF, the viscosity and elastic
moduli of the slurry are in the same order as AB slurry containing PVDF.
However, PVDE/NMP solution exhibits roughly 100 times larger vis-
cosity compared to NMP. Therefore, AB particles form a significantly
large network structure in NMP without PVDF, showing a drastic vis-
cosity increase. In other words, the PVDF molecule adsorbs on the surface
of AB aggregates and has a role in suppressing the excessive growth of the
AB network structure.

3.2. Rheological analysis of sequential preparation process

Our previous work on cathode slurry reported that the in-parts pro-
cess could produce an electrode exhibiting better rate performance.
Although the control of the dispersion state of AB particles must be a
crucial factor to obtain better cathode slurry, the process affecting the
formation of the AB network structure has not been identified. Firstly, a
cathode slurry is prepared by the sequential process consisting of two
steps; the preparation of AB slurry and the dispersion of LCO particles
into the AB slurry. In the first step, the AB slurry is prepared by the in-
whole or in-parts process. After the addition of LCO particles into the
AB slurry, the mixing of the mixture is repeated in the second step. The
effect of the repetition of mixing on the internal structure change is
examined in each step.

3.2.1. Viscosity change

Fig. 3 summarizes the viscosity changes of the AB slurry in the first
step and the cathode slurry in the second step. In these figures, #n stands
for the result after the n-th mixing operation. In Fig. 3a presenting the
viscosity change of AB slurry prepared by the in-parts process, #1 cor-
responds to before the first addition of diluent NMP. Alternatively, #6
means the AB slurry after the final addition of NMP and is referred to as
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Fig. 4. Viscoelastic behavior of the cathode slurry in the sequential process.
“#n” indicates the result after nth cycle of the mixing operation.

the in-parts AB slurry. In contrast, since the viscosity of the in-whole AB
slurry did not show any significant change regardless of the repetition of
mixing, the result after the final mixing operation is plotted as double
blue circles. The in-parts AB slurry after being subjected to high-shear is
shown as a solid curve as well. The high shear was applied using Filmix,
in which a rotor can rotate at the tip speed of 40 m/s in a stationary
vessel. Since the slurry is sheared in a gap of 5 mm, the applied shear rate
is estimated to be 2000 s~*. The detail of this experiment is available in
our previous publication [19]. The gradual decrease of the viscosity of
the in-parts AB slurry is largely due to the dilution by NMP. Since the
shape of the viscosity curve was almost the same despite the progress of
mixing, the internal structure of the AB slurry did not change during the
in-parts process. Additionally, the viscosity of the in-parts AB slurry
finally coincided with that of the in-whole AB slurry and could not be
reduced further by the high-shear mixing device. Therefore, it was
proven that the internal structure of AB slurry is difficult to control by the
repetition of mixing or the application of high shear as far as investigated.

In the second step, LCO particles are added to the in-parts AB slurry,
and the mixing operation using the same planetary centrifugal mixer is
repeated ten more times. The viscosities of the AB slurry containing LCO
particles, which is a cathode slurry, during this step are shown in Fig. 3b.
Regardless of the repetition of mixing, no significant viscosity change is
observed in this step. A dashed red curve in Fig. 3b indicates the result of
the in-parts AB slurry. Assuming that the cathode slurry is the mixture of
completely dispersed LCO particles and the in-parts AB slurry, the vis-
cosity of the cathode slurry is estimated by the K-D equation using the AB
slurry viscosity, 7,5 and LCO volume fraction, (¢; = 0.19), and expressed
by a solid red curve as well. The viscosity of the cathode slurry is between
the AB slurry and the estimated values at the shear rates less than 1s7%,
but it agrees well with the estimation at higher shear rates. In general, the
viscosity decreasing trend flattens out when the destruction of the
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internal structure is completed, and then a stable state is attained at the
shear rate range. The slope change around the critical shear rate mani-
fests the transition in the scale of the AB network structure to be des-
tructed. Under moderate shear flow, since LCO particles are embedded in
the huge AB network structure, the volume effect of LCO particles on the
cathode slurry viscosity is considered to be limited. Above the critical
shear rate, however, the AB network structure is largely broken up into
smaller network segments, and the volumetric or hydrodynamic effect of
LCO particles on the viscosity fully shows up.

3.2.2. Viscoelastic analysis

Viscosity measurement indicates that a higher-order AB network
structure remains at lower shear rates, and the elasticity caused by the
structure considerably affects shear stress. However, the internal struc-
ture is destructed during the viscosity measurement because a slurry is
subjected to shear flow for a long time, even at a meager shear rate.
Therefore, viscoelastic properties under sufficiently small deformation,
known as a linear viscoelastic regime, are more suitable to detect the
change of the structure. Fig. 4 summarizes the changes of the frequency
dependences of the storage and loss moduli of the in-parts AB slurry in
the first step and the cathode slurry in the second step. In the AB slurry
preparation step (Fig. 4a), both elastic moduli gradually decrease with
the addition of NMP and coincide with those of the in-whole AB slurry
after the final mixing operation. These results qualitatively agree well
with the behavior of the viscosity change. Additionally, no significant
change in frequency dependency is observed for both elastic moduli. To
neglect the effect of dilution by NMP, the ratio of loss modulus to storage
one, being a loss tangent, is plotted in the bottom figure. No remarkable
change in the loss tangent besides the repetition of mixing in the entire
frequency range indicates that the internal structure of AB slurry does not
change in this step. This figure also indicates that the high-shear mixing
solely reduces storage modulus despite no obvious change in loss
modulus.

In the second step or after LCO addition, it was unveiled that storage
and loss moduli change differently, as seen in Fig. 4b. Dashed and solid
red curves in this figure represent the elastic moduli of the in-parts AB
slurry and the cathode slurry estimated by the K-D equation, respectively.
After the first mixing operation, the storage modulus is slightly larger
than the AB slurry but smaller than the estimation, while the loss
modulus increases roughly four times and is much larger than the esti-
mation. It means that the AB slurry still dominates the storage modulus of
the cathode slurry, but the increase in solid volume fraction by LCO
addition is insufficient to explain the loss modulus increase. Therefore, it
is deduced that LCO particles still form aggregates to increase effective
volume fraction and do not yet destroy the AB network. As the mixing
operation is repeated, the storage modulus gradually decreases and be-
comes smaller than the AB slurry. Thus, the fact indicates that the mixing
with LCO particles significantly destructs the AB network structure up to

1000
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Fig. 6. Viscosity of cathode slurry prepared by in-whole or in-parts process.

the 8th operation. It is presumed that large and heavy LCO particles play
roles in destroying the AB network structure, as can be seen in a ball-
milling process. No further significant change in storage modulus after
the 9th operation suggests that the stable dispersion state is obtained
after the 8th.

On the contrary, after the 5th operation, loss modulus agrees well
with the estimation at frequencies higher than 10 Hz but stays between
the AB slurry and estimated value at lower frequencies. Thus, the
behavior of loss modulus resembles that of the viscosity and can be
explained similarly. That is, shear stress against slow deformation is
caused largely by the elasticity of the AB network structure, whereas the
effective solid volume fraction increases the shear stress under quick
oscillation. Fig. 5 illustrates the internal structure change predicted by
the rheological analysis in the sequential process. When the network
structure of AB aggregates is developed entirely in the slurry, LCO par-
ticles can enter and destroy the structure by the ball-milling effect. As a
result, the connection of AB aggregates is broken up, and the network
structure is segmented, but the sum of the effective volume of the
network structure is rarely changed.

3.3. Rheological characterization of the 1-step preparation process

We revisit our finding that the cathode produced using in-whole
slurry showed a low rate performance rather than that from in-parts
slurry [19]. In the manufacturing process of the electrode, the slurry
was applied slowly over an aluminum foil to minimize the structure
change by the shear application and then dried up on the hot plate
maintained at 60 °C, at which the materials are distributed uniformly due
to no sedimentation of LCO particles and the networking of AB aggre-
gates. Therefore, the difference in the network structure of AB aggregates
caused by the slurry preparation process is the dominant factor in the rate
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Fig. 7. Elastic moduli of cathode slurry prepared by in-whole or in-
parts process.

performance. Therefore, we concluded this is caused by the insufficient
formation of the electrically conductive pathways, which was confirmed
by the electrical conductivity and X-ray CT images of the electrodes and
by the viscoelastic properties of the slurries. In the latter part of this
study, the origin of the disadvantage of the “labor-saving” in-whole
process is depicted while contrasting it with the “practical” in-parts
process.

3.3.1. Viscosity of in-parts and in-whole cathode slurries

The viscosities of the cathode slurry prepared by in-parts or in-whole
process are plotted in Fig. 6 together with those of the in-parts AB slurry
and the cathode slurry estimation in a similar manner to Fig. 3. The
viscosity of the in-whole cathode slurry is reasonably predicted using the
AB slurry viscosity and LCO volume fraction. This result indicates that the
AB network structure in the cathode slurry is equivalent to that in the in-
parts AB slurry and most LCO particles locate outside the AB network
structure. In contrast, the in-parts cathode slurry and AB slurry exhibit
approximately the same viscosities in the entire shear rate range,
although the cathode slurry is a mixture of the AB slurry and 19 vol% of
LCO particles. In the lower shear rate range less than 1 s}, this can be
explained by embedding LCO particles in a higher-order AB network
structure. The AB network structure is fractured at higher shear rates, and
the hydrodynamic effects of LCO particles should emerge. Therefore, the
dispersing medium of LCO particles in the in-parts cathode slurry is less
viscous than the in-parts AB slurry. In other words, it was proven that the
dispersion of AB particles is progressed during the in-parts process with
the coexistence of LCO particles.

3.3.2. Viscoelastic differences between the in-parts and in-whole cathode
slurries

To reveal the internal structure change in each slurry preparation
process, the frequency sweep test of cathode slurries is shown in Fig. 7,
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Fig. 8. Viscoelastic cathode slurries

different processes.

comparison among prepared

similarly to the sequential cathode slurry. These figures include the re-
sults of the in-parts AB slurry and the cathode slurry estimation as ref-
erences. For the in-whole slurry (Fig. 7a), both elastic moduli slightly
decreased with the repetition of mixing operations. Furthermore, the
storage modulus eventually coincides with the in-parts AB slurry, while
the loss modulus agrees well with the estimation in the entire frequency
range. Since the AB network causes the elasticity, it is considered that
equivalent AB network structures are formed in the in-whole cathode
slurry and the in-parts AB slurry. LCO particles outside the AB network
structure increase the effective volume fraction so that the loss modulus
solely increases. A stable loss tangent also suggests no structural change
related to AB network structure. All these findings perfectly support the
discussion based on viscosity measurement. Therefore, it is concluded
that the ball-milling effect of LCO particles cannot be expected in the in-
whole process, presumably due to the considerable surface distance of
LCO particles.

During the in-parts process, the formation of AB network structure,
the destruction, and the dilution by NMP are taken place simultaneously.
Consequently, either elastic modulus is decreased drastically as the
progress of mixing, as shown in Fig. 7b. The storage modulus eventually
becomes much smaller than the AB slurry, while the loss modulus falls
between the AB slurry and estimation. The elastic moduli of AB slurry
were decreased to 1/10 by the addition of NMP, as shown in Fig. 4a,
whereas the cathode slurry decreased the elastic moduli to 1/100. The
result evidences the destruction of the AB network structure during the
in-part process. Paying attention to the frequency dependence of loss
tangent to neglect the difference in volume fraction, the noticeable
improvement of fluidity at a frequency more than 1 Hz appears at the 6th.
The fact implies that dense slurry mixing and more than six repetitions of
mixing operations are required to obtain the cathode slurry producing
better performance. The optimization of the initial particle volume
fraction and the repetition of the mixing operation is out of the objective
of the present study but should be conducted in future studies.

3.3.3. Effect of high-shear mixing on the internal structure

The final section compares the frequency sweep tests of the final
cathode slurries prepared by different processes, as shown in Fig. 8. The
in-parts slurry further dispersed using the high-shear mixing device is
expressed as “in-parts/high shear.” The detail of the shearing device has
already been explained in section 3.2.1. Firstly, it can be found that the
sequential and in-parts processes produced the slurry exhibiting the same
rheological behavior. Therefore, it is suggested that the stepwise
dispersion of AB and LCO particles into PVDF solution until obtaining
stable rheological properties at each step is acceptable for obtaining
favorable cathode slurry, without dense slurry mixing and gradual
dilution.

After being subjected to high shear, the storage modulus of the
cathode slurry can be further reduced in the entire frequency range.
Therefore, high shear flow could destroy the AB network structure into
smaller segments, and an effective solid volume fraction would be
somewhat reduced. The reduction in the effective solid volume fraction
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In-whole

In-parts

In-parts / high shear

Fig. 9. Internal structure of cathode slurries prepared by different processes. It is difficult even for LCO particles to disperse in the less condensed slurry containing
excessively large network structures of AB, while a high-shear mixing device may split AB network structure into too small pieces to keep electrically conductive pass.

relates to the slight decrease in loss moduli at high frequencies, whereas a
remarkable reduction at low frequencies is due to the significant
destruction of the AB network structure. Consequently, the in-parts/high
shear cathode slurry contains the excessively fragmented AB network
structures, which are too small to form electrically conductive pathways
in the electrode during drying. Fig. 9 shows an illustration of the dif-
ference in the internal structure among these cathode slurries.

4. Conclusions

The change of the internal structure of the cathode slurry composed of
coarse LCO and fine aggregates of AB particles in different preparation
procedures was investigated from a rheological viewpoint. LCO particles
are readily dispersed into PVDF solution, but it was found that the
network structure of AB aggregates in PVDF solution is tough enough not
to be destructed as far as using a planetary centrifugal mixer. Assumed
that the cathode slurry is the mixture of complete dispersed LCO particles
and viscoelastic AB slurry, the rheological behavior of the cathode slurry
could be estimated by Krieger-Dougherty equation. This estimation is
also applied for loss modulus and used to evaluate the state of AB
network structure in cathode slurry. When the AB slurry is dispersed with
LCO particles, it is revealed that LCO particles enter and destroy the AB
network structure. A similar fragmentation of AB network structure was
conducted when dense cathode slurry is first prepared and then gradually
diluted by solvent. On the other hand, in the cathode slurry initially
diluted, LCO particles could not enter and destroy the AB network
structure. Moreover, a high-shear mixing device excessively destroyed
the AB network into much smaller segments, which may be too dispersed
to form the percolation of AB particles during drying. The comparison of
viscosity between the cathode and AB slurries is helpful to detect the
entrance of LCO particles into the AB network and the release from the
structure under higher shear rates. Loss modulus and viscosity provide
similar information, while the formation of a higher-order structure of
the AB network and its destruction could be characterized only by the
frequency sweep test of storage modulus.
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