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The electronic resistance of composite electrodes for lithium-ion batteries has a non-negligible effect on the charge—discharge

performance at high rates. In order to obtain an electrode with a high-rate performance it is important that conductive materi-

als, such as acetylene black (AB), in the electrode slurry form a good electron conduction network. This study evaluated the

electron conduction network of various electrode slurries made using different processes and with different solid contents

using electronic conductivity measurements of the electrode slurries. The conductivity of the slurry showed a correlation with

the rate performance. Depending on the production method and solid content, the conductivity of the slurry changed. The

results suggest that the electron conduction network of the slurry is modified by collisions between the AB and active material

particles during kneading and by stirring the slurry with excess solvent during dispersion. Measuring the conductivity of the

slurry is expected to help determine the conditions of its manufacture.
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1. Introduction

More than 30 years have passed since lithium-ion batteries (LIBs)
were commercialized, and their application has spread from mobile to
large devices, such as stationary power supplies and electric vehicles
(EVs) [1]. In these large devices, the demands on LIBs include high
performance and low cost. From the viewpoint of industrial produc-
tion, a simple and efficient method to produce LIBs is required to de-
crease their cost. The electrode slurry used for the positive electrode
in LIBs is a mixture of active electrode material powder, conductive
material powder such as acetylene black (AB), polymeric binder, and
solvent [2]. The electrode slurry is coated on a metal current collec-
tor and dried to form a composite electrode. The composite electrode
in LIBs has a porous structure, in which the electrode/electrolyte
interface spreads in three dimensions, and both electrons and ions
are conducted in the composite electrode. The reduction of internal
resistance is indispensable for the use of LIB in EVs, where high-rate
performance is required. The internal resistance includes both elec-
tronic resistance and ionic resistance as the components. The active
electrode materials presently used in LIBs are not electronic conduc-
tors but semiconductors or insulators [3]. Therefore, adding ABs is

indispensable, enabling electron conduction inside the composite

electrode and reducing electronic resistance. The ionic resistance is
composed of interfacial lithium-ion transfer resistance [4—7], lithium-
ion diffusion resistance within the active material [3, 8—11], and ion
transport resistance within the electrolyte and composite electrode
[12—14]. Thus far, ionic resistance has been studied as the main com-
ponent of internal resistance [15-17]. However, it has been reported
that the influence of electronic resistance cannot be ignored at high
rates [18-21].

This study focused on the electronic resistance of the composite
electrode and developed a new method to measure the electronic
conductivity of the electrode slurry. It was found that the network
structure of the conductive material in the electrode slurry is impor-
tant for the reduction of internal resistance [22—25]. Furthermore, the
electronic resistance of the composite electrode is reduced by select-
ing the appropriate conductive material and mixing process [25]. This
study demonstrated that AB acts as an effective conductive material
and that the mixing process of AB and the active material in a low-
viscosity state leads to a good electron conduction network structure
in the electrode slurry. The electrode slurry mixed in the low-viscosity
state finally becomes a high-viscosity state, which means that a rela-
tionship is found between the good electron conduction network struc-

ture in the electrode slurry and its high-viscosity. The viscosity of the
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electrode slurry affects the feeding and coating processes, which are
important from the viewpoint of the industrial process. In the case of
a high-viscosity electrode slurry, high transport energy is required to
transport the electrode slurry from the tank, making it difficult to con-
trol the flow rate of the electrode slurry. Therefore, adding a solvent
is necessary to decrease the viscosity of the electrode slurry. Unfor-
tunately, the solvent needs to be removed during the drying process,
which requires a large amount of heat. During the solvent removal,
the electrode slurry reduces its uniformity, leading to a crack forma-
tion on the produced composite electrode. In addition, a low-viscosity
electrode slurry gives a low electrode density, reducing the energy
density of LIBs. Therefore, it is necessary to prepare an electrode
slurry with a good electron conduction network structure with appro-
priate viscosity.

Rheological analysis is useful for investigating a dispersion system
such as an electrode slurry; however, it is not a suitable technique for
analyzing the electrode slurry at a high-viscosity state during the mix-
ing process. In a concentrated system such as an electrode slurry, the
interactions between the solvent and the solid particles largely depend
on the concentration of the solid content; therefore, the rheological
properties significantly change during the mixing process, causing
difficulties of the detailed analysis. There are few methods for analyz-
ing the electrode slurry during the mixing process, and there are no
quantitative design guidelines for the electrode slurry mixing process
that ensure good battery performance. This study investigates the
electron conduction network in the electrode slurry during the mixing
process by determining the electronic conductivity of the electrode

slurries at the high-viscosity state.
2. Experimental

A solid-state method was used to synthesize LiNi;;3Mn;;3C01302
(NMC) particles from a mixture of Li,CO3; and NiMnCo(OH); [26].
A mechanical stirrer (T.K. HIVIS MIX model 3D-5) was used to
mix NMC particles with AB and polyvinylidene difluoride (PVdF)
in 1-methyl-2-pyrrolidone (NMP). The electrode slurry has an
NCM:AB:PVdF weight ratio of 90 : 6 : 4 wt%. The mixing processes
1-3 shown in Fig. 1 were used to make slurries 1-3, respectively.
After all the materials were injected, the electrode slurries were
sampled every 30 min. To produce electrode slurries with different
solid contents, NMP was added to slurries 1-3, and the solid content
was reduced by 2% and 4% from those before the addition. After the
addition, the mixture was stirred at 2500 rpm for 5 min using a T.K.
ROBO MICS mixer.

The obtained electrode slurry was cast on a polyethylene tere-
phthalate strip or aluminum foil to create a composite layer and a
composite electrode, respectively. A scanning electron microscope
(SEM) was used to observe the morphology of the composite elec-

trode. The electronic volume resistivity of the composite layer was
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Fig. 1 Mixing processes used in the preparation of the electrode
slurries.

measured by the four-point probe method using a Loresta I[P MCP-
250 apparatus. The electronic volume resistivity of the electrode
slurry was measured by AC impedance spectroscopy utilizing a rhe-
ometer. A previous work shows the details [22]. The measurements
of the steady-flow viscosity were performed on the electrode slurry at
25 °C with a strain-controlled rheometer.

A cell was assembled from a composite electrode (35 mmx35 mm),
a negative electrode, an electrolyte of 1.5 mol dm* LiPFs dissolved
in ethylene carbonate/ethyl methyl carbonate (1 :3 by volume), and
a microporous polyethylene separator. The state of charge of the cell
was adjusted to 50%. An electrochemical apparatus (Solartron 1470E
CellTest system) was used to perform galvanostatic polarization mea-
surements. The cell was discharged at various currents for 10 s from
the open circuit at 25 °C. The limiting discharge current rate (limiting
rate) was determined to evaluate the rate performance. The limiting
discharge current rate was defined as the maximum current that gave

an open circuit voltage of >2.5 V after discharging for 10 s.
3. Results and Discussion

The amount of NMP added after kneading was selected to ensure
that the viscosity of the electrode slurry was within the range of
2-3 Pa s, as measured by a B-type viscometer (TOKI. SANGYO).
The solid content after kneading was 20% for process 1 and 73% for
processes 2 and 3, respectively. Table 1 presents the solid content and
steady-flow viscosity of the prepared electrode slurry, the electronic

volume resistivity of the composite layer (p..), electrode density after
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pressing, and the limiting rate. The limiting rate was the lowest for
process 3, in which the materials were added simultaneously. Process
1, in which AB and PVdF/NMP were kneaded together, followed
by the addition of NMC/NMP, gave rise to the highest limiting rate.
Since the composition of the composite electrode and the loading
amount were the same for all the processes, this difference was due
to the difference in the internal resistance. From a previous study, it
is suggested that the kneading process, in which AB and the active
material are mixed at the same time, needs high shear energy and de-
stroys the electron conduction network structure, causing the increase
of the electronic resistance of the composite electrode [25]. This is
the case with process 3 in the present study, where AB and NMC ini-
tially coexisted. Therefore, it is reasonable to expect that the compos-
ite electrode from process 3 had higher electronic resistance than the

others. However, no significant difference was found in py. values. It

Table 1 Various properties of the electrode slurries.

Slurry I Slurry 2 Slurry 3
Solid content/% 66 70 72
Viscosity/Pa s 2.2 2.6 2.4
Prve/ Qcm 2.4 2.3 2.3
Electrode density after pressing/g cm° 2.66 2.66 2.63
Limiting rate/C 14.0 13.5 10.0

Process 1

Process 2

Process 3

Fig. 2 SEM images of the composite electrodes.
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is possible that the AB concentration (6 wt%) exceeded the critical
percolation concentration and was high enough to form sufficient
electron conduction paths. Based on the electrode density after press-
ing, process 3 gave a smaller value, which means that the contact
between ABs in the composite electrode would be weaker. Therefore,
the electrode density after pressing might be related to the limiting
rate in the bad case. Fig. 2 shows the SEM images of the composite
electrodes. NMC particles (white particles) were mainly observed
for all processes. ABs (black parts) and NMC particles were visibly
separated only for process 1, and the composite electrode was not
uniform. Moreover, no significant difference was observed between
processes 2 and 3, and the composite electrodes were uniform. The
results above indicate that the difference in the limiting rate cannot be
predicted only from py. values or SEM images of the composite elec-
trode. Therefore, this study focused on the electrode slurry.

Fig. 3 shows the steady-flow viscosity of the electrode slurries.
The steady-flow viscosities followed the order of slurry 2> slurry
3> slurry 1. The lowest viscosity of slurry 1 is due to the smallest
solid content. Despite the largest solid content, the viscosity of slurry
3 was lower than that of slurry 2, probably because the AB network
structure grows weakly in slurry 3. Fig. 4 shows the values of the
electronic volume resistivity of the electrode slurries (pys) and pye at
each sampling time (30, 60, and 90 min). The values of p.s at 90 min
followed the order of slurry 3> slurry 2> slurry 1, which agreed
with the order of the limiting rates presented in Table 1. In other
words, pyvs was found to be correlated with the limiting rate. In pro-
cess 3, pys already reached a high value at 30 min but less increased
at 60 min compared with those in processes 1 and 2, which almost
had the same p.s values at 60 min and 90 min. This is because the AB

network structure was destroyed in the initial stage of the kneading
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Fig. 3 Steady-flow viscosity of the electrode slurries.
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process, where the AB and NMC were kneaded under coexistence.
The p.s values in processes 1 and 2 were low at 30 min and increased
considerably by 60 min. The increases in p,s values at 90 min from
60 min were larger for slurry 3 than that for slurry 2. The collisions
of AB and NMC destroyed the AB network structure during stirring,
and large agglomerates of AB were broken down into relatively small
agglomerates. The destruction of the AB network structure eventu-
ally stopped, and the increase in p.s became gradual. On the other
hand, p,. was not considerably different in each process and did not
significantly depend on the stirring time. This is because the volume
fraction of AB was large and sufficiently over the critical percolation
concentration. The above results show that py, is strongly correlated
with the limiting rate rather than p.., and the electronic conductivity
measurement of the electrode slurry is a useful analytical method to
detect changes in the microstructure of the AB network during the
mixing process.

The solid content of the electrode slurry is important for the coat-
ing process, as mentioned in the introduction. Therefore, it is neces-
sary to investigate the influence of the solid content on the electrode
slurry in each process. Fig. 5 shows the values of p,s and the viscosity
of the electrode slurries with various solid contents. The solid con-
tents of 68% and 70% for slurry 3, 68% and 66% for slurry 2, and
64% and 62% for slurry 1 were achieved by adding NMP to slurries
1-3, while slurry 1 with a solid content of 68% was prepared by pro-
cess 1 separately. For all the slurries, pys increased with a decrease in
the solid content (an increase in the NMP content) because NMP is
an insulator. The viscosity of the electrode slurries was also depen-
dent on the solid content, although the changes were small. At the

same solid content of 68%, the ps values were in the order of slurry
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Fig. 4 Electronic volume resistivity of the electrode slurries (open
symbols) and the composite sheets (closed symbols) as a
function of the total stirring time.

3> slurry 2> slurry 1. This indicated that the addition of NMP does
not drastically change the AB network structure formed during the
preparation process of the electrode slurry and that the reduction in
the solid content increases the value of pys via the difference in the
volume fraction. However, the slope of the pys plot had a different
tendency for each electrode slurry. For slurry 3, the slope was gradual
compared with slurries 1 and 2. Since the AB network structure of
slurry 3 was destroyed on kneading, the influence of the reduction in
solid content due to the addition of NMP was less than that for slur-
ries 1 and 2. In other words, the AB network structures in slurries 1

and 2 were disturbed by stirring them with excess NMP. The above
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Fig. 5 Electronic volume resistivity and viscosity of the electrode
slurries at various solid contents.
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Fig. 6 Limiting discharge current rate for the electrode slurry with
a solid content of 68% as a function of the electronic volume
resistivity of the electrode slurry.
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results show that the relationship between the microstructure of the
network structure and the solid content, which cannot be determined
by the rheological analysis, can be evaluated from the measurements
of the electronic conductivity of the electrode slurry.

Finally, the limiting rates were examined for the composite elec-
trodes produced from the electrode slurry with a solid content of
68%. Fig. 6 shows a plot of the limiting rate against py. Processes
1 and 2 gave a high limiting rate, while process 3 gave rise to a
low limiting rate, which means that the limiting rate was correlated
with pys for processes 1 and 3. However, a high limiting rate was
observed for process 2 despite the high p.s value. The AB network
forms a bulky structure in the electrode slurry, and the microstructure
is reflected in the composite electrode after coating and drying. As a
result, the produced composite electrode can have different porous
structures even with the same solid content. In the case of process 2,
it is likely that ion conduction strongly influences the internal resis-

tance rather than electron conduction.
4. Conclusion

This study investigated the intermediate states of the electrode
slurry during the preparation process via electronic conductivity
measurements. Changes in the AB network structure were clarified by
investigating the temporal changes in the electronic conductivity of
the electrode slurry during the mixing process. It was found that the
electronic volume resistivity of the electrode slurry was dependent on
the solid content. However, it was revealed that even if at the same
solid content of the electrode slurry, the electronic volume resistivity
of the electrode slurry varied, which also affected the limiting cur-
rent. It is possible to predict the electronic resistance of the electrode
slurry at arbitrarily defined solid content by determining the correla-
tion between the solid content and the electronic volume resistivity of
the electrode slurry in advance. As a result, the preparation conditions
of the electrode slurry, such as the solid content and viscosity, can be

decided in detail.
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