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Keywords: The drying process of electrode slurry for LiB should be crucial to obtain higher electrochemical performance,
AB network structure but it has been a black box. Furthermore, the lack of sufficient information on slurry microstructure complicates

Particle sedimentation
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solving this issue. In this study, the cathode slurries having different internal structures are prepared and
characterized by rheological properties. The drying process of the coating layer is evaluated in terms of film
shrinkage. When the coarse particles of active material and the network structure of acetylene-black particles are
uniformly mixed, a low drying rate results in extensive particle segregation and poor cycle performance. On the
other hand, it is found that insufficient dispersion of active materials causes poor rate performance. Under the
optimal drying condition, the slurry microstructure is found not to affect battery performance. However, the
optimization of drying conditions requires consideration of material mobility during drying.
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Y. Komoda et al.
1. Introduction

The use of battery technology is inevitable to realize a sustainable
society worldwide. Lithium-ion batteries (LiBs) have been a leader in
battery systems for decades, contributing significantly to developing
applications such as laptop computers, smartphones, and electric vehi-
cles. Unfortunately, due to the theoretical limitations of the material,
recent LiBs are not expected to make any further significant progress in
capacity. Many researchers and engineers have worked to overcome this
difficulty by searching for and developing new materials that enable
greater capacity and higher current density [1-4]. However, even when
such excellent materials are found, many challenges remain in the
construction of industrial electrode manufacturing processes, such as
mass preparation of highly concentrated electrode slurries, continuous
coating of highly viscous slurries, and drying of wide and thick
slurry-coated layers. Several recent review papers pointed out the
challenges in the manufacturing process [5-9]. So, various
state-of-the-art manufacturing techniques have been proposed dramat-
ically improve battery performance [10-12]. In addition, because
different materials have different factors that affect the final battery
performance, past improvement methods cannot always be adapted as
is. Furthermore, operating conditions in the electrode manufacturing
process tend to be set on an ad hoc basis. Therefore, conventional
lithium-ion battery materials, for which sufficient information on
physical and chemical properties has already been reported, are still
valuable for systematically investigating the effects of operating condi-
tions in the electrode manufacturing process on the electrode structure.

LiB cathode consists of active materials (AM), conductive additives,
and binders. These materials are dispersed in a solvent, coated over an
aluminum foil, and dried in an oven to obtain a cathode film. In general,
energy density, the amount of electricity stored in a unit volume or
weight of a battery cell, is the popular indicator of battery performance.
Therefore, the particulate materials must be densely packed as much as
possible to reduce the volume of a battery pack and the usage amount of
electrolyte. The higher the packing density, the more frequently the
materials are connected, thereby reducing electrical resistance. In order
to utilize state-of-the-art materials, it is necessary to elucidate the filling
process of particulate materials during drying based on scientific
knowledge rather than trial and error. Zhang et al. reviewed the
mechanism and metrology of the drying process. They emphasized the
significance of the three-stage drying model: condensation, void for-
mation, and consolidation [8]. Some studies pointed out that the
packing state of AM is mainly determined in the first stage and that the
localization of other materials proceeds in the following stages
depending on the drying rate [13-17]. However, the mobility of AM
must be significantly affected by the surroundings, which is the
dispersion of conductive materials, usually showing viscoelastic
behavior, and changes with the progress of solvent evaporation.
Therefore, the understanding of slurry microstructure and film forma-
tion process cannot be discussed separately.

In many cases, AM has a significantly high ability to store electrons
but low electrical conductivity. Therefore, it is essential to form a
network structure of conductive additives, such as acetylene black (AB)
and carbon nanotube (CNT), in the electrode film to transport electrons
from the electrode surface to the AM surface. Many researchers have
noted that slurry preparation significantly influences electrode con-
ductivity and battery performance [18-22]. Furthermore, we have
found that the viscoelastic properties of cathode slurries are affected by
that of the AB slurry. The network structure of AB particles, dominating
the rheological behavior, depends on the slurry preparation process [23,
24]. In order to understand the structural change during the drying of
the cathode slurry, we should consider the existence of the network
structure of AB particles, which can suppress the packing of AM parti-
cles. To accommodate the demand to evaluate the packing behavior, we
have so far proposed the measurement of the thickness decrease of
coating layers and the methods to analyze the results [25-27]. In the
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present study, we investigated the effects of the slurry preparation
process and the drying temperature on the shrinkage behavior of the
coating layer of the cathode slurry during drying. The results highlight
the influence of the solvent evaporation rate and the particle network
structure on the particle packing behavior. They are expected to provide
valuable knowledge for obtaining high-packing density electrodes.

2. Experimental
2.1. Slurry preparation and characterization

A cathode slurry used in this study is composed of active materials
(Lithium Cobalt Oxide, LCO, 6.8 pm, 5.05 g/ml), conductive additives
(Acetylene Black, AB, 35 nm, 2.2 g/ml), binder (Polyvinyldifluoride,
PVdF, 1.77 g/ml), and solvent (N-methyl pyrrolidone, NMP, 1.03 g/ml).
PVdF was added as 12 wt% NMP solution and finally diluted to 8 wt% by
adding NMP as a diluent. Table 1 provides the specific composition.

We have already reported that the slurry preparation process
affected the internal structure of the cathode slurry, which can be
characterized by rheological measurements. The control of the disper-
sion state of AB particles is key to obtaining an electrode exhibiting
better electrochemical performance because the network structure of AB
particles was formed in cathode slurry and contributes to forming
electric conductive paths in the electrode after drying. Two different
slurry preparation processes were employed to obtain cathode slurry
having different AB network structures, as illustrated in Fig. 1. The first
is an “in-whole process,” in which all materials, including diluent NMP,
are mixed once, and the dispersion operation is repeated six times. Our
previous studies have shown that LCO particles cannot penetrate the AB
network structure formed in the slurry, and the network structure is
hardly destroyed. Another method was the so-called “in-parts process,”
where a highly concentrated cathode slurry was first prepared using
other than diluent NMP. Then, the NMP addition and dispersion oper-
ation were alternately repeated five times. The narrow distance between
the LCO particles and the high viscosity allows considerable shear stress
to act, which allows the LCO particles to penetrate and break into the
network of AB particles, resulting in a cathode slurry with properly
dispersed AB particles in the end.

A planetary centrifugal mixer (AR-310, Tinky) was used and oper-
ated at 2000 rpm for 3 min for each mixing operation. Rheological
properties were measured at room temperature using a stress-controlled
rheometer (MCR 301, Anton Paar) equipped with a cone plate fixture
(50 mm). Either LCO or AB slurry was prepared through the “in-whole”
process; LCO slurry is a mixture of LCO particles and 8 wt% PVdF so-
lution, and AB slurry is a mixture of AB particles and the same binder
solution.

2.2. Evaluation of the drying process of a coating layer

The cathode slurry was coated on an aluminum foil, which is adhered
to a glass plate, at a coating speed of 6 mm/s using a doctor blade with a

Table 1
Slurry compositions.
Cathode slurry LCO slurry AB slurry
wt.% vol.% vol.% vol.%
LCO 54.0 20.2 20.6
AB 22 1.9 23
PVdF 3.5 3.7 3.8 4.7
NMP 40.4 742 75.6 93.0
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Fig. 1. Preparation process of cathode slurry.

coating gap of 200 pm. The glass plate coated with the slurry was placed
on a flat glass heater whose surface temperature was controlled at 45,
80, or 100 °C. Then, as done in our previous studies [25-27], the surface
position at the center of the coating layer was measured using a laser
displacement sensor (LT-9510, Keyence) with a time interval of 1 s and a
resolution of 10 nm. As shown in Fig. 2, the glass plate coated with
slurry, the glass heater, and the motorized stage with the laser
displacement sensor attached were all placed on a flat hood that allowed
NMP vapor to be removed from the bottom. Temperature and
humidity-controlled air (25 °C, 50% RH) was supplied into a chamber on
the hood surrounding all equipment. After the residual solvent was
removed entirely from the coating layer on the glass heater, the final
weight was measured on an electric balance.

2.3. Preparation of cells and electrochemical test

Coin-type HS-flat cells from Hohsen Corp. Were assembled in an Ar-
filled glove box with the electrodes prepared in §2.2 and lithium foil
(Honjo metal) as a counter electrode. A polypropylene sheet and glass
filter were used as separators. The cell was sealed after filling the elec-
trolyte solution (1.0 mol dm~3 LiPF6 in the 1:1 vol mixture of ethylene
carbonate and dimethylene carbonate purchased from Kishida Chemi-
cal). The electrochemical properties were examined using a computer-
controlled charge and discharge system (BTS-2004, Nagano Co Ltd.).
The galvanostatic charge and discharge tests were performed in the cell
voltage range of 3.2-4.2 V (vs. Lit/Li) 100 times at the current densities
of 0.1C, corresponding to one discharge or one charge performed in 10

I W
Dryi hamb Temperature
e chamee and humidity
Il controlled
Cathodesslurry air supplier

Laser
displacement
sensor

L7

Glass plate

Flat hood Solventvapor

Fig. 2. Experimental setup for measuring the shrinkage of a coating layer.

Journal of Power Sources 568 (2023) 232983

h. The charge and discharge tests were conducted at different current
densities of 0.1, 0.5, 1, and 2 C. All measurements were carried out at
30 °C.

3. Results and discussion
3.1. Rheological characterization of cathode slurries

Because viscosity measurement requires that the sample be subjected
to shear flow, the internal structure predicted from viscosity may differ
from the structure formed in a slurry at rest, corresponding to the coated
slurry being dried. For this reason, it is more appropriate to use the
frequency dependence of the storage and loss moduli in the linear
viscoelastic region where the internal structure is retained. Fig. 3 shows
the results for in-whole and in-parts cathode slurries. The cathode slurry
can be viewed as a mixture of LCO particles and AB slurry, represented
as red dashed lines. Suppose the LCO particles do not enter into the AB
network structure in the cathode slurry. In that case, they increase the
effective solid volume fraction, which increases the loss modulus.
However, the storage modulus derived from the AB network structure
remains unchanged. Therefore, the increase in the loss modulus of the
cathode slurry can be estimated using the Krieger-Dougherty (K-D)
equation [28] as well as viscosity. A solid red curve represents the loss
modulus estimate for the cathode slurry.

Indeed, the storage modulus of the in-whole slurry is consistent with
that of the AB slurry. The K-D equation could predict its loss modulus.
The fact indicates that the AB network structure in the in-whole cathode
slurry is equivalent to that of the slurry of AB alone and that no LCO
particles can penetrate the AB network structure. Conversely, the loss
modulus of the in-parts slurry agrees well with that of the AB slurry at
low frequencies. The storage modulus is significantly smaller than that
of the AB slurry. The results suggest that LCO particles are embedded in
the AB network structure not to increase the effective solid volume
fraction and that the destruction of the AB network structure by coarse
LCO particles reduces the storage modulus. We conclude from the
rheological investigation that LCO particles and large AB network units
are independently dispersed in the in-whole slurry. In contrast, LCO
particles and smaller AB network units are uniformly mixed on a
microscopic scale in the in-parts slurry. Therefore, it can be expected
that the in-parts slurry will produce a cathode that exhibits better
electrical conductivity.

3.2. Shrinkage behavior of coated slurry

3.2.1. Typical drying behavior and dimensionless expression

The initial weight of the coated slurry, calculated from the final
weight after drying and the slurry composition, was converted to the
initial thickness using the initial slurry density and coating area. This
initial thickness was combined with the variation in surface position
measured with the laser displacement sensor to obtain the film thickness

= M.‘ééﬁfﬁ [ ==AB slurry
&.1000‘_ AAT — Estimation nf
= ADAALS
_g AEAAAA ]
g - -
g 10 -
E L 4 in-whole ] [ ® in-whole
=) 10 A in-parts G ] [ O in-parts G"
E 0 ol 5 ol i B s el 4 senil S ead
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Fig. 3. Viscoelastic behavior of cathode slurries

different processes.
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variation during drying. The top graph in Fig. 4 is a typical result
showing the shrinkage behavior of the coated cathode slurry. The
thickness decreases at a constant rate in the early stages of drying. This
decreasing slope of thickness, referred to as shrinkage rate, corresponds
to the evaporation rate of NMP from the PVdF solution in the early
drying phase. Since the evaporation of NMP is inhibited when particles
are densely packed, the particles remain well separated from each other
at this stage. Thus, the slurry is concentrated at this stage. In the next
stage, however, the decrease in thickness became slower and eventually
converged to a constant value. The stable thickness is much larger than
the thickness corresponding to the total amount of non-volatile com-
ponents (LCO, AB, PVdF). In other words, the coated cathode slurry
becomes porous during this period. We refer to this stage as the void
formation period. These are the first and second of the popular three-
stage model [8].

Since the time required to dry the coated slurry depends on the
drying temperature and initial thickness, we normalized both axes (time
and thickness) of the upper graph in Fig. 4 to obtain the lower graph to
discuss the effect of drying conditions on the film shrinkage behavior.
First, the thickness was converted to shrinkage ratio A(t) by dividing it by
the initial value. Since the coated slurry becomes porous after drying,
the final shrinkage ratio is much larger than 0.258, the volume fraction
of NV. The solid volume fraction ¢(t) of the coated slurry during drying
is calculated as ¢, /A(t), using the initial solid volume fraction ¢,. Note
that 1 — ¢(t) is the liquid volume fraction during the concentration
period and gradually changes to the void fraction during the void for-
mation period. On the other hand, the elapsed time from the start of
drying was made dimensionless by the newly introduced evaporation
time t, to account for differences in drying rates. The evaporation time is

REG T T T T T
] 00 Nﬁl:/lPti"VdFt:B o)
5_ 80 X - Pore PVdTAB_
o |
+ 60
UU:):
~ 40
Q
2
= 20k =
i A NV =25.8vol%. |
0 1 1 1 | ! |
0 100 200 300
Time, #[s]
T I T
1 A=1, ¢y=22vol.% -
— I A=0.46, ¢=48vol.% b
o= NMP
S I A=0.37, ¢=60vol.%
D 0.5 R d B
<~ | N Void | ;
B2V L .Y B —— T EE——
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0 R | ; ]
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T(=1tlt) [-]

Fig. 4. Typical behavior of the shrinking process of coated slurry and the
conversion to the dimensionless plot.
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the hypothetical time required for the entire solvent to evaporate while
maintaining the drying rate of the concentration period. The reduced
time 7(=t/t,) indicates the degree of residual solvent in the coating
layer but is only valid during the concentration period.

3.2.2. Drying behaviors of AB slurry and LCO slurry

As already mentioned, the cathode slurry is a mixture of LCO parti-
cles and AB slurry. When the solvent completely evaporates from the
cathode slurry at the end of drying, coarse LCO particles are packed to
form the porous main framework of the electrode. On the other hand,
the AB slurry is concentrated and dried in the voids. Therefore, in this
study, the drying behavior of the LCO and AB slurries was first examined
as basic information for understanding the drying behavior of the
cathode slurry. Fig. 5 shows the shrinkage behavior of these slurries at
drying temperatures of 45 °C and 80 °C. Both slurries initially shrank at a
constant rate. The shrinkage rate was found to vary with drying tem-
perature but was not affected by particles.

The concentration period was only observed in the shrinkage
behavior of the coated LCO slurry, and the shrinkage ratio decreased to
0.42 and did not change further. The LCO slurry composition in Table 1
shows that the final shrinkage ratio would be 0.244, the total volume of
NV components, if a nonporous film had been formed. This difference in
shrinkage ratio indicates that LCO particles form a porous structure, and
PVdF partially fills the voids. In addition, solvent evaporation was not
suppressed by the particle packing because sufficiently large voids were
formed within the packed layer of coarse LCO particles. Therefore, it is
presumed that the voids were formed after the shrinkage ratio and did
not compact further. Furthermore, from the shrinkage ratio, the volume
fraction of LCO particles at the end of drying was calculated to be 49 vol
%, regardless of the drying temperature. The volume fraction of the
random packing layer of non-colloidal spheres ranged from 55 to 63 vol
% [29], indicating that the irregular shape of LCO particles increased the
void fraction.

On the other hand, the coated AB slurry shrank at a constant rate
until its thickness decreased by about 50%, after which the shrinkage
rate increased and the shrinkage ratio converged to a constant value.
Curiously, the terminal shrinkage rate was greater than the theoretical
upper limit of the evaporation rate, the solvent shrinkage rate. This may
have been influenced by the lateral transport of NMP. In the case of
coarse LCO particles, the lateral transport only caused the drying
interface to move laterally through the packed layer of LCO particles
toward the center and did not increase the shrinkage rate at the center.
In contrast, as the gap between fine AB particles narrows, NMP is effi-
ciently transported both vertically and laterally by the capillary suction
flow. Therefore, when the gap between AB particles becomes sufficiently
narrow in the latter part of the drying process, the effect of lateral sol-
vent transport becomes significant, and the shrinkage rate locally in-
creases at the thickness measurement point. Note that this shrinkage rate
gradually decreased to zero, and the shrinkage ratio of the AB slurry
eventually reached about 7 vol%, corresponding to the volume fraction
of NV in the AB slurry. This indicates that AB particles-embedded PVdF
film was obtained at the end of drying.

The shrinkage behavior of the LCO and AB slurries predicts the
packing state of the particles in the cathode film obtained after drying as
follows. First, LCO particles produce a packed layer containing voids,
the void volume almost the same as that of the LCO particles. On the
other hand, the total volume of AB and PVdF in the cathode slurry is
28% of LCO, as shown in Table 1. The AB slurry eventually turns into a
nonporous mixture of AB and PVdF. As long as all materials are uni-
formly dispersed in the cathode slurry throughout the drying process,
the mixture of AB particles and PVdF is expected to partially fill the
voids between LCO particles, resulting in an ideal particle volume
fraction of 64 vol% at the end of drying.

3.2.3. Drying behaviors of cathode slurries
The cathode slurries prepared by the in-parts or in-whole process
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Fig. 5. Shrinking behavior of AB or LCO slurry dried at different drying temperatures.

were coated and dried at 45, 80, and 100 °C. The dimensionless
shrinkage behaviors are shown in Fig. 6. The solid gray line in each
figure corresponds to 4 = 0.258, indicating the fraction of NV compo-
nent in the cathode slurry; the measured shrinkage ratio is stable above
the solid line because the mixture of AB particles and PVAF partially fills
the void between LCO particles.

At 45 °C, the shrinkage rate was initially constant and then increased
as in the AB slurry (Fig. 6a). The temporary increase in shrinkage rate
was observed due to lateral solvent transport but was not as pronounced
as for the AB slurry. At the onset of the temporary rate increase (A =
0.71), the solid volume fraction of the AB slurry was concentrated from
2.3 vol% to 3.6 vol%. The volume fraction of LCO particles in the
cathode slurry was increased up to 28 vol%. It is thus inferred that LCO

particles have not yet formed a packed structure and were embedded in
the concentrated AB slurry. Therefore, the effect of lateral drying
appeared. However, the coexistence of LCO particles suppressed the
degree of the apparent shrinkage rate increase. No difference caused by
the slurry preparation process indicates that micro-scale uniformity does
not affect the evaporation rate in the concentration period. When the
shrinkage ratio A becomes smaller than 0.43, the film thickness of the in-
parts slurry continued to decrease in shrinkage ratio, albeit at a slower
rate. In contrast, the in-whole slurry did not shrink any further. At this
branching point, the volume fraction of LCO particles in the semi-dry
cathode slurry was found to be 47 vol%, equivalent to the random
loose packing of spheres (49 vol%). Therefore, after forming the loosely
packed structure of LCO particles, the following shrinkage behavior

. d I . I ’ [ . [
Iy in-parts - -
in-whole °

. | i | 5 I i I
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in-whole © 1

N T T T T T T
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Fig. 6. Effects of the slurry preparation process and drying temperature on the shrinking process of cathode slurry.
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depends on the packing state of LCO particles and surrounding AB
slurry. From the rheological analysis, it is presumed that LCO particles
exist only outside the AB network structure in the in-whole slurry. The
packing structure formed by direct contact between LCO particles is not
further compressed. Therefore, the concentration of the AB slurry and
void formation progressed sequentially in the gap space between LCO
particles. On the other hand, for the cathode slurry prepared by the in-
parts process, the overall solid volume fraction transitioned from
random loose packing (50 vol%) to random close packing (64 vol%).
LCO particles in the in-parts cathode slurry were immersed in the AB
network structure, allowing LCO particles to rearrange themselves with
solvent evaporation, increasing the packing density.

At 80 and 100 °C (Fig. 6 b and c), no temporary increase in the
shrinkage rate was observed before the transition from the concentra-
tion period to the void formation period. There was no noticeable dif-
ference in the shrinkage behavior of the cathode slurries between the in-
parts and in-whole slurries at each drying temperature. Furthermore,
only at 100 °C, a gradual increase in the shrinkage rate was observed in
the very early stage. This is known as a pre-heating period and could not
be neglected because it required a relatively long time to elevate the film
temperature to a steady value compared to the short drying time at the
highest drying temperature.

The results at 45 °C indicate that the packing of LCO particles
dominates the initial shrinkage behavior of the cathode slurry. In
contrast, the dispersion state of LCO particles in the AB slurry influences
the latter shrinkage behavior. As shown in Fig. 6 d, the particle volume
fraction at the transition point was 50 vol% for drying temperatures of
45 and 80 °C, and 40 vol% at 100 °C. This suggests that, at 100 °C, LCO
particles formed a more loosely packed structure containing a sufficient
amount of void to compensate for a considerably large evaporation rate.

At the higher drying temperatures, the slurry preparation process did
not affect the subsequent void formation process, despite the different
internal structures of cathode slurries. Under drying conditions with a
high shrinkage rate, it is presumed that the dispersion state of LCO
particles did not affect the packing structure change of LCO particles in
the semi-dried AB slurry due to poor mobility of LCO particles in a highly
viscous and elastic AB slurry. Additionally, it is assumed that LCO and
AB are homogenously concentrated during the concentration period
because the effects of LCO particle sedimentation and AB network
structure segregation are relatively small. Therefore, the packed layer
produced from the in-whole slurry could be compacted during the void
formation period. However, LCO particles did not have enough time to
rearrange their packing structure at the highest drying rate, and minimal
compaction was detected.

3.3. Electrochemical characterization of electrodes

Fig. 7 shows the results of electrochemical tests of battery cells
fabricated with electrodes obtained by drying the coated slurries pre-
pared by either process and dried at 45 °C or 80 °C. The top figure plots
the discharge capacity at different C rates, and the bottom figure plots
the change in discharge capacity versus the number of cycles when
repeated charging and discharging at 0.1C. In the rate test, the electrode
dried at 80 °C showed greater capacity at all current densities regardless
of the slurry preparation process. There was only a slight decrease in
capacity with increasing C rate and minor differences between slurry
preparation processes. In contrast, electrodes fabricated at 45 °C showed
a decrease in discharge capacity, especially under significant C-rate
conditions. The capacity decrease was more pronounced for the in-
whole slurry. Thus, it was found that slurries with heterogeneously
dispersed LCO particles and AB networks at the microscopic scale, dried
at low temperatures, did not form sufficient conductive pathways after
drying.

On the other hand, the cycle test showed a significant capacity drop
compared to the standard measurement. One possible reason is that the
electrodes were not pressed in this experiment to extract the drying
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effect, and sufficient electronic conductivity was not ensured at any of
the electrodes. Since the Coulomb efficiency is as low as 95-98%, the
effects of film formation and electrolyte decomposition cannot be
ignored. However, it is interesting to note that under the same condi-
tions, the drying temperatures for obtaining high cycle characteristics
differ between the in-parts and the in-whole slurries. This difference
may be attributed to the inhomogeneity of the material in the electrode
after drying.

The causes of the differences in electrochemical performance
depending on the preparation process and the drying temperature are
discussed in terms of the uniformity of material distribution. Fig. 8
shows SEM images of the top and bottom surfaces of the electrode. The
image of the bottom surface was taken after the electrode was carefully
peeled from the aluminum foil with adhesive tape. The SEM images of
the electrode produced by drying in-part slurry at 45 °C indicate that the
number density of LCO particles on the top is smaller than that at the
bottom. Furthermore, it was also observed that the localization of AB
particles on the top. The non-uniform distribution is attributed to the
settling of coarse and heavy LCO particles and the segregation of smaller
network units of AB particles. Since the AB network structures are
fractured into small units in the in-parts cathode slurry, the units are
mobile and likely to convey to the drying interface with the evaporation
of the solvent. Due to the separation of LCO and AB, it is assumed that
the electrochemical reaction occurred unevenly, resulting in the poorest
cycle characteristics. Conversely, large AB network structures with low
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Fig. 8. SEM images at the top and bottom of cathode films.

mobility remained in the in-whole slurry, suppressing AB particle
localization. Therefore, it is presumed that the large AB network struc-
ture was heterogeneously present in the significant gaps between the
loosely packed LCO particles, and the formation of inadequate electric
conductive pathways was the cause of the poorest rate characteristics.
Based on the above discussion, in porous electrodes, the state of the
network of the conductive additives is considered to be dominant in
maintaining capacity under high current density. In contrast, the uni-
formity of conductive additives is considered dominant in maintaining
capacity against repeated charging and discharging. At a drying tem-
perature of 80 °C, note that little difference in material distribution
between slurry preparation processes was evident, except for the larger
voids between the LCO particles.

3.4. Guideline to obtain homogeneous electrodes

From the film shrinkage behavior during drying and the electro-
chemical properties after drying, it was found that LCO particles must be
packed densely and dried so that the AB particles are connected and
uniformly distributed in the gaps between them. Therefore, finally,
guidelines to avoid inhomogeneous material distribution are discussed.
Cardinal et al. proposed a map that predicts the non-uniformity of
particle distribution using the Péclet and sedimentation numbers [30].
Brownian diffusive motion, in which thermal fluctuations in a
low-viscosity medium essentially homogenize small particles, is essen-
tial for maintaining particle uniformity during drying. Péclet number is
defined as the ratio of the rate of descent of the drying surface to the rate
of diffusion of particles and expressed by the following equation

__hE _ 3mudhE

P =
““D kT

@

Herein, D is the diffusion coefficient of particles determined by the
Stokes-Einstein equation. E and h are the film shrinkage rate and char-
acteristic length scale, usually initial film thickness, respectively. When
the diffusive motion of particles is dominant, i.e., Pe <1, particles are
uniformly distributed. The Péclet number of LCO or AB primary particles
in PVdF solution is calculated as shown in Table 2. This indicates that
even if the smallest AB primary particles are dried at the slowest
shrinkage rate, the Péclet number is far more extensive than unity, and
homogenization by diffusion cannot be expected. AB particles form a
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Table 2
Estimation of Péclet numbers of AB and LCO particles.

Drying temperature Evaporation rate Péclet number

T4 [°C] Tq [K] E [m/s] AB LCO
45 328 4.6 x 1078 5.7 x 10 1.1 x 10*
80 353 5.4 x 1077 6.2 x 102 1.2 x 10°
100 373 1.9 x10°° 2.1 x 10° 4.0 x 10°

h =100 mm, y = 0.17 Pas, k = 1.38 x 102> JK !, d = 35 nm (AB) or 6.8 ym
(LCO).

network structure that expands throughout the system, as evidenced by
their highly elastic behavior. This is a significant factor in the homo-
geneity of the AB particles during drying.

In contrast, there is essentially no physical mechanism that maintains
homogeneity for LCO particles. Therefore, the key to obtaining homo-
geneous electrodes is avoiding or suppressing the sedimentation of LCO
particles. The sedimentation number proposed by Cardinal et al. is the
ratio of the terminal settling velocity U of the particle of interest to the
shrinkage rate of the drying film, which is introduced to express the
competing phenomena of liquid surface lowering and particle sedi-
mentation. Since the concentration of LCO particles is sufficiently high
and particles settle in mutual interference with others, the hindered
settling velocity proposed by Richardson and Zaki [31] was used to
calculate the sedimentation number.

U
No=4 @
_”dzAﬂg L \465
U= 18y (1-9) (3)

Where Ap is the density difference between the LCO particles and the
dispersing medium, the question now arises: what is the dispersing
medium for settling LCO particles. The cathode slurry can be viewed as a
mixture of LCO particles and AB slurry. However, microscopically, the
surface of LCO particles will mostly be in contact with the PVdF solution.
The viscosity of the AB slurry varied with the shear rate but was
measured in our previous work [24] at shear rates above 0.1 s L
Assuming that the shear rate related to particle sedimentation is on the
order of 0.1 s™! and that the viscosity at that shear rate (170 Pa-s) does
not vary with drying temperature, the sedimentation number was
calculated as shown in Table 3. From this trial, the sedimentation
number of LCO particles based on the AB slurry viscosity is much smaller
than unity, indicating that LCO particles do not settle at all and are not
suitable for describing the settling behavior of LCO particles. Note that
the shear rate near the moving particle surface can be approximated as
10~*s7! by dividing the settling velocity (2 x 10~ 1% m/s) by the particle
radius (3.4 x 10°° m). The AB slurry viscosity must be much more
prominent at the shear rate, resulting in a much smaller sedimentation
number. On the other hand, the sedimentation number of LCO particles
based on the PVdF solution viscosity clearly shows that the effect of LCO
sedimentation appears only at a drying temperature of 45 °C, which is in
reasonably good agreement with the experimental facts. Since the vis-
cosity of both AB slurry and PVdF solution increases as drying proceeds,
the sedimentation number decreases, and sedimentation stops some-
where during drying.

From the above discussion, a guideline for avoiding electrode het-
erogeneity was derived. An extensive network structure of AB particles
is essential to avoid the migration of AB particles to the drying surface
since diffusive motion is ineffective in maintaining AB particle unifor-
mity when the film thickness is on the order of 100 pm. Conversely, to
avoid sedimentation of LCO particles, the lowering rate of the drying
surface with solvent evaporation must be greater than the settling ve-
locity of the LCO particles calculated using the viscosity of the PVdF
solution. The size and volume of voids between LCO particles and the AB
network structure in the interstitial spaces must be controlled to
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Table 3
Estimation of sedimentation number of LCO particles.
Viscosity Terminal velocity Drying temperature Evaporation rate nsS (= U/E)
u [Pa-s] U [m/s] T4 [°C] E [m/s]
AB slurry (0.1s71) 170 2.2x 1071 45 4.6 x 1078 4.8 x 1072
80 5.4 x 1077 4.1 %107
100 1.9 x10°° 1.2x107*
PVdF sol. (Newtonian) 0.17 2.2 x 1077 45 46 x 1078 4.8
80 5.4 x 1077 0.41
100 1.9 x10°° 0.12

optimize the high-level manufacturing process of battery electrodes. In
the present study, when the drying temperature was too high (100 °C),
the film shrinkage during drying was too slight. The electrode film be-
comes too porous, which probably results in the insufficient formation of
conductive pathways. In the future, it is necessary to clarify the process
parameters to control the size and volume of voids and conductive path
formation during drying.

4. Conclusion

The effects of the slurry preparation process and drying temperature
on the internal structure of the cathode film and the electrochemical
properties were investigated. The cathode slurry is a mixture of LCO
particles and AB slurry, and the preparation process affects their
dispersion states. The in-whole process produces a slurry in which LCO
particles and AB networks exist independently. In contrast, the in-parts
process produces a slurry in which LCO and AB networks are homoge-
neously distributed on a micro-scale. First, the drying process of the AB
or LCO slurry was investigated by employing the film thickness change
measurement. The dispersed particles did not affect the shrinkage rate
during the initial concentration period. However, the film shrinkage
process differed depending on the kinds of dispersed particles as the
formation of the packing layer approached. The results suggested that
LCO particles form a random close packing structure and that AB slurry
is concentrated in the gaps between the LCO particles with void for-
mation. When the in-whole slurry was dried at a slow shrinkage rate, the
compaction of the LCO particles layer was suppressed by excessively
large AB network structures. The insufficient connection between AB
networks after drying resulted in a poor rate performance. On the other
hand, LCO particles settled down to the bottom. Smaller AB network
units were concentrated at the surface when the in-parts slurry was dried
at the same shrinkage rate. The segregation could be explained by the
settling velocity of LCO particles affected by the PVdF solution viscosity.
As a result, poor cycle performance was observed due to the localization
of the electrochemical reaction. In contrast, the electrochemical prop-
erties improved at higher drying temperatures, and differences in the
slurry preparation process became less apparent. However, at a further
higher temperature, due to too large interstitial space between LCO
particles, AB conductive pathways are not sufficiently formed. In the
actual battery manufacturing process, the electrode is pressed after
drying, and the microstructure may be altered. Since this study clarified
the dominant factors affecting the microstructure during drying, it is
finally possible to examine the effect of the pressing process on battery
performance.
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