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ABSTRACT

We have established a method for measuring the zeta potential generated at the
interface between a nonaqueous electrolyte solution utilized in LiClO4/propylene
carbonate (PC) electrolyte and lithium cobalt oxide (LiCoO,) by the streaming
potential method. Since the surface potential of the metal oxide dispersed in the
aprotic nonaqueous solvent contains only a very small amount of water-based E
potential-determining ions such as H* and OH~, the potential is determined by

the adsorption of the solvated electrolyte itself. Unlike aqueous systems with
potential-determining ions that exhibit specific adsorption, it took a very long

time until the equilibrium state of the ion distribution near the solid surface was

reached and the potential stabilized, with a time constant that amounted to

about 5 minutes. Therefore, a detailed analysis of the change over time of the

potential after the pressure setting showed that the predictive potential showed

a change over time with almost a single relaxation having certain time constant. E
The measurement time of the streaming potential was corresponded to about

the time constant, and the resulting zeta potential showed an anomalous
concentration dependence as a maximum around 1.0 mol L™ PC and a minimum

at 1.5mol L™! PC for the concentration of each solution.

Practical streaming potential measurement

Predictive streaming potential measurement
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1. Introduction potential of the slip surface near the Stern layer of the diffusion

layer.** Electrophoresis is often used to measure the zeta potential of

It is known that when an electrolytic solution and a solid come
into contact with each other, the surface of the solid is charged due
to the difference in electrochemical potential between them.!? Since
the surface potential generated at the solid-liquid interface changes
sensitively reflecting various physical properties of the solid surface
and electrolyte composition, it is considered to play an extremely
important role in understanding the phenomenon at the solid-liquid
interface.’ The surface potential is evaluated by measuring the zeta
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dispersed particles such as oxides,®” polymers,®° metals and their
derivatives modified by biomaterials,'” and so on. This is because
the theories related to surface potential are developed with high
reliabilities due to physical interpretations assuming various
phenomena such as interfacial electrokinetic phenomena,'' surface
heterogeneity of solid phases,'”> relationship between DLVO
theory,!® and application to oxide particles with broad particle size
distributions.'* On the other hand, many common electrochemical
materials macroscopically have interface that extends two-dimen-
sionally, such as electrodes and current collectors. The streaming
potential method'>!¢ and the electroosmotic flow method which can
apply any surface potential'” independent of its planar shape are
suitable in their zeta potential measurements.

Recently, increasing research and development of batteries has
focused attention on ion transfer at the interface of electrode solid
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materials used for electrode active materials. Nonaqueous electrolyte
solutions are the primary electrolytes in the research and develop-
ment of high-voltage batteries because of their wide potential
window. In studying ion transfer and reaction mechanisms at the
interface with solids, there has been much discussion concerning the
adsorption and orientation of ions and solvents. However, although
there have been some calculations based on molecular theory and
discussions based on changes in reaction time constants due to
impedance response, there have been few discussions on interface
chemistry based on classical interface electrokinetic phenomena.
Since nonaqueous electrolyte solutions are used and their concen-
trations are relatively concentrated (>ca. 1molL~"), which are
much higher than the concentrations generally used for interfacial
electrokinetic phenomena measurements, both measurement and
interpretation methods for zeta potential are still in their infancy in
such cases.

For the zeta potential measurement in nonaqueous solvents,
especially in zeta potential measurement using the streaming
potential method, it is difficult to obtain reproducible and reliable
numerical values because it fluctuates with time and hysteresis and
a constant potential cannot be obtained. Initial zeta potential
measurements in nonaqueous systems have been performed along
with the development of interfacial chemistry as in the case of
aqueous solution systems. In particular, nonaqueous solvents have
been the subject of discussions on the potential of the liquid/liquid
interface in the emulsification process of paints and oil/water
interfaces, as well as on the interfacial potential, and organic
solvents with a wide range of relative permittivities have been the
target such as the studies by Gortner'® and Tari'® etc. In particular,
Tari suggests that the electrolytes we are dealing with in our studies
of nonaqueous systems are dilute, and that the potential-determining
ions are not as clear-cut as in aqueous systems, making it difficult
to define their meaning even when zeta potentials are obtained.
Kosmulski?® and Rosenholm?' summarized that surface potential
depends on the number of solvent donors based on zeta potential
measurements in the concentration range below 1073 mol L~!. Most
of these studies were concerned with the stability of colloidal
dispersion systems in nonaqueous solvents for substances that are
expected to be used in concentrated dispersion systems with high
solid phase fractions, such as pigments used in paints, cosmetics,
and other products.?? Van der Hoeven et al. does not contrast
aqueous solvents with nonaqueous solvents, considers them as one
of the high dielectric solvents, systematically organizes solvents and
dispersants, and summarizes the correlation between zeta potential
and dispersion stability.? Discussions on the reliability of the
measurement method in zeta potential in nonaqueous systems have
been made through studies interpreting the state of surface charging
from the structure of the electric double layer,”* comparison with
measurements in aqueous systems,”® and analysis of the electric
osmotic flow in capillaries.”® A surface charge of active materials is
an important factor in the electrode fabrication method using
electrophoresis method.?” In such cases, support salts are rarely
included, and solvents with relatively low dielectric constants are
used to ensure IR drop in the electrolyte. Therefore, the zeta
potential in highly concentrated electrolytes has rarely been
observed.

In the other utilization, zeta potential in nonaqueous solvents is
used to evaluate the dispersibility of fibrous materials such as carbon
nanotubes in organic solvents, and the stability and various
properties of the surfaces of various electrodes inside batteries.?®

Because of the relatively high electrolyte concentrations used in
batteries, as mentioned above, it is necessary to discuss zeta
potential measurement methods for concentrated solutions and their
implications. For example, we have studied the conductivity of
LiClO4/PC-DME solution impregnated in lithium cobalt oxide
(LiCo0,) powder.”
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The objective of this study is to establish the zeta potential
measurement by the predictive method in the vicinity of nonaqueous
electrolyte solution using LiClO4/propylene carbonate (PC) and
lithium cobalt oxide (LiCoO,) surfaces that do not contain specific
adsorption-based potential-determining ions. This method will
enable rapid zeta potential measurement at a composite electrode
in any concentration range on complicated interfaces with slow ion
adsorption and permeation. This method is expected to provide
fundamental knowledge of the concentration dependence of zeta
potential and the relationship of adsorption and ion solvation
structures to the solid phase and ion conduction near the interface.

2. Experimental

2.1 Samples

We dehydrated propylene carbonate (PC) (manufactured by
Nacalai Tesque Inc.) with Molecular Sieve 4A (manufactured by
Nacalai Tesque Inc.) and dried LiClO4 (manufactured by Kishida
Chemical Co. Ltd.) at 180°C for 20 h under vacuum. Then, LiClO4
was dissolved in a PC in a glove box to obtain an electrolytic
solution. A dispersion of lithium cobalt oxide (LiCoO,) gifted by
Murata Manufacturing Co. Ltd. in N-methyl-2-pyrrolidone (NMP)
using polyvinylidene fluoride (PVdF) less than 5wt% as a binder
was prepared, coated on the surface of the support, and then dried to
prepare a LiCoO, film for zeta potential measurement.

2.2 Streaming potential measurement

The streaming potential method was chosen as the method for
measuring surface potential in concentrated nonaqueous electrolyte
solutions. In concentrated solutions, most of the voltage drop
applied between the electrodes is concentrated in the electric double
layer near the electrodes. The IR drop inside the solution, which is
a factor in dispersant migration, is very small, making it difficult
to capture particle migration by the electrophoresis method. In
addition, battery active materials are often used as coalescing agents
together with binders and conductivity aids, and the zeta potential
based on the streaming potential with electroosmotic flow is close to
the assumption of the actual measurement system to be utilized as a
material evaluation method. However, in nonaqueous solvents, there
is not always specific adsorption of ions, and the time from the
initial measurement to equilibrium tends to be long.!® Therefore,
instead of performing continuous measurement until the streaming
potential reaches equilibrium, a method was established to measure
the streaming potential by a predictive method. In predicting the
change in potential after changing the pressure, we followed the
method of predicting exponential potential change with a time
constant used in many sensing devices such as predictive
thermometers. The zeta potential was calculated according to the
algorithm shown in Scheme 1, using three significant digits and an
error rate of 20 % as convergence conditions. The main condition
for convergence is the value of the streaming potential obtained
from the asymptotic value of the exponential function in the
determination of the potential at each pressure, and the confirmation
of the pressure-potential correlation coefficient in the calculation of
the zeta potential obtained from the linear approximation between
each pressure value and the streaming potential based on the
Helmholtz—Smoluchowski equation. Since the validity of the
approximation in the exponential function was confirmed, the zeta
potential, {, was calculated using the Helmholtz—Smoluchowski
equation in the following equation using the steady value V, at each
pressure.

_Ena
_P88()

(1

where E is the streaming potential, P is the pressure, 1 is the
viscosity of the solution, A is the conductivity of the solution, ¢ is the
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Scheme 1.

relative permittivity, and &y is the permittivity of the vacuum
(8.85 x 107 12Fm™).

In the practical measurement, the LiCoO, film was attached to
the polypropylene self-made cell shown in Fig. S1 to face each other
in parallel using double-sided polypropylene tape. The zeta potential
measurement by the streaming potential method was performed with
the measuring device shown in Fig. 1. To ensure durability against
organic solvents, all tubing and cocks were made of polypropylene
or fluoroplastic such as polytetrafluoroethylene (PTFE) or polyper-
fluoroalkoxyalkane (PFA). In particular, many commercially
available streaming potential measuring devices are based on the
premise of using an aqueous solution as the flow liquid media, so
they use vinyl chloride or butadiene rubber, which have extremely
poor chemical resistance, and do not support modification because of
the difficulty in ensuring safety against flammable liquids due to the
use of organic solvents. It is required to create its own equipment.
The use of cellulose filters was also avoided because fouling caused
by powdered materials easily occurs in organic solvents.

The electrolytic solution was put into the container and
pressurized with dry N, whose pressure was adjusted by a regulator
to flow the electrolytic solution in the cell. The gap between the
LiCoO, films was adjusted so that the flow rate when pressurized at
700 hPa was about 10-20 mL min~!. Platinum wires were installed
at both ends of the cell, and the potential difference between both
ends was measured using an electrometer TR8652 (ADVANTEST,

Algorithm of predictive zeta potential measurement.

internal impedance >10'3 Q). The collection of analog data output
from the electrometer was collected as digital data by GRAPHTEC
Petit LOGGER. Pressure was monitored by pressure transmitter.
After starting the pressurization at 700 hPa, the electrolytic solution
continued to flow for a certain period, then the pressurization was
stopped, and after standing for a certain period, the pressurization
was performed in steps at 100hPa intervals. In each step, the
pressure was maintained for about 2.5-10 minutes, and the change
in streaming potential with time was confirmed. After reaching
700 hPa, the pressure was reduced to 0 hPa at intervals of 100 hPa.
Furthermore, the change in the streaming potential was confirmed
while repeating the cycle of pressurization and depressurization
from 0 to 700 and from 700 to 0. The fitting for the calculation of the
converged value of the streaming potential, under each pressure, was
performed using Kaleidagraph 4.0 (Synergy Software), based on the
Levenberg-Marquardt algorithm,3%3! until the error was less than
20 %. An iterative method was used in the calculation. The fitting
results are shown in the same Excel file as the raw streaming
potential data D1. The plot of the Helmholtz—Smolokowski equation
for each solution used this fitting result.

3. Results and Discussion

Figure S2 shows the temporal change of the streaming potential
of the LiCoO, sheet in a 10mmolL~" LiClO4 aqueous solution

3
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(pH 5.86). From the start of the measurement to about 160 minutes,
the response of the streaming potential to the fluctuation of the
external pressure was not reproducible. It is considered that this is
because the state inside the cell is not stable. After all, it takes time
to impregnate the pores of the LiCoO, sheet with the electrolytic
solution or stabilize the platinum wire. Reproducibility was
confirmed in the response of the streaming potential to fluctuations
in external pressure exceeding 200 minutes. Furthermore, it was
confirmed that the streaming potential showed a transient response
when the pressure fluctuated.3? Hachiya et al. studied the adsorption
transient of a potential-determining ion at the solid-liquid interface
by the pressure step method in an aqueous solution system.** This
phenomenon is similar to the response to pressure change in the
streaming potential. In the absence of specific adsorbed ions in this
system, the potential conversion is slow due to normal ion
adsorption, and data acquisition must be waited until the change
settles down.

We considered that this transient response included multiple
relaxation processes and fluctuated exponentially, and could be
expressed by the following equation.

— dE(l)/dl = EiCi/ri 2
E(f) = Ex + X Ciexp[—(t — 10)/7i] (3)

Then, first, fitting was performed by the following equation, which
is a first-order rate equation including one relaxation process.

E(1) = Ex + (Eo — Eco) expl—(t — 1)/ 7] C))

Here, E(f) is the streaming potential value at time #, E, is the steady
value of the streaming potential at each external pressure, Ej is the
initial value of the streaming potential of each external pressure, t is
the time constant, and ¢, is each initial time at external pressure.
Therefore, the steady-state value E,, was calculated from the
measured values of the streaming potential at each pressure. The
result of approximating the numerical value (E(t) — E)/(Eo — Exo)
that standardizes the difference from the initial value E, with the
exponential function exp(—t/t) by the Gauss—Newton approxima-
tion method* is shown in Fig. S3a. It was confirmed that the change
in the streaming potential measured at each pressure was in good
agreement with the approximation formula obtained by the
exponential approximation. The time constant v was about 70s.

4

Schematic diagram of streaming potential measuring device.

From this, we conclude that the fluctuation of the streaming
potential includes one relaxation process.

Figure S3a is the result of plotting the relationship between the
external pressure and the streaming potential in the part where the
200-700 hPa pressure step was repeated four times. The average
value of the zeta potential was —20.5mV. At 100 hPa, the flow
velocity was too low and did not show good agreement with the
linear relationship, so it was excluded. Measurements with other
aqueous solutions are discussed at supporting information.

Subsequently, the solvent was changed to PC, and the zeta
potential was measured with 1.0molL~' LiClO4 PC solution.
Figure 2 shows the transient response of (E(f) — Ex)/(Eo — Exo)
when pressurized from 0 to 700 hPa for 1.0 mol L~! LiClO,4 aqueous
solution and 1.0 mol L™ LiClO, PC solution. The time constant was
calculated because a linear relationship was found in the semi-
logarithmic plot, and the time constant was 62.4s in the water
system and 6.15min in the PC system. It was clarified that the
relaxation time of the PC system is about 6 times longer than that of
the water system. In order for the value to asymptotically approach
equilibrium and to obtain an accuracy of 3 or more significant
digits, the measurement time must theoretically be 4.606 times
(1 — exp(—4.606) < 1073) longer than the time constant, and
regression calculations must be performed. On the other hand, a
regression calculation can be performed for each value obtained, a
provisional time constant can be calculated from the value, and once
the value of the time constant converges, the converged value of the
potential can be calculated as shown in Fig. 2b.

We considered that the cause of such relaxation phenomenon is
the relaxation response derived from ion adsorption and diffusion on
the surface of the LiCoO, film or the stress relaxation phenomenon
caused by the strain of the electric double layer. First, unlike the
water system, there are no ion species that specifically adsorb in the
PC system, so it is expected that the time required for ion adsorption
will belong. In addition, when interpreted from the mechanical
relaxation phenomenon, the Reynolds number of the fluid flowing in
the cell is calculated to be about 500, and it is considered that the
fluid in the cell in this experiment forms a laminar flow. In this case,
it is considered that considerable stress is applied as normal stress to
the LiCoO, sheet installed on the wall surface in the cell. Although
the liquid is incompressible, it has been found that the viscosity of
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LiClO4 PC solution at each pressure after 185 minutes.

the solvent increases extremely at the solid-liquid interface when a
higher-order structure is formed at the solid-liquid interface due to
the bipolar interaction.>>=7 When compressive stress or shear stress
is applied to a highly viscous liquid, it is considered to exhibit
relaxation behavior in response.>®? Since this relaxation behavior is
considered to indicate a longer relaxation process in the highly
viscous PC system than in the water system, it can be inferred that
the relaxation process of the change in the streaming potential took
time. As described above, it is considered that the increase in the

viscosity of the solution at the solid-liquid interface is the cause
of the exponential fluctuation of the streaming potential with the
relaxation time peculiar to the measurement sample. Therefore, the
relaxation phenomenon of the streaming potential provides a means
for directly observing the distortion of the electric double layer
model and the state of the relaxation, which have been unknown
until now.

Figure 3 shows the temporal change of the streaming potential
and an exponential approximation for each pressure after 185
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minutes in a 1.0 mol L~! LiClO4 PC solution of the LiCoO, sheet in
a 1.0mol L~ LiClO, PC solution. As in the case of the aqueous
solution, an exponential function approximation was performed
using Eq. 4 at each pressure step from 80 minutes after the
streaming potential showed a response to the external pressure. As
shown in imposed figure of Fig. 3, good fitting was confirmed even
in the PC system. As shown in Fig. S6, fitting is performed by Eq. 4
even at various concentrations, and the relationship between
pressure and the streaming potential is shown in Fig. 4a. A good
linear relationship is confirmed regardless of the concentration.
Figure 4b shows the concentration dependence of the zeta potential
at the interface between the LiClO4 solution and the LiCoO, sheet
calculated using Eq. 1 from these slopes. Raw data for all
measurements can be obtained from supporting information.
According to the results, the zeta potential increases with increasing
concentration, showing a maximum at 1.0molL~! and a minimum
at 1.5molL~!, whereas it became negative in the concentration
range suitable for conventional zeta potential measurements (10—
10~ mol L™"). This change is explained by the adsorption of Li ions
in solution and the change in adsorption behavior based on ion pair
formation in the high concentration region. In this discussion, the
solvation structure of the dissolved species is explained by
spectroscopic analysis and ionic conductivity measurements, which
will be discussed further in a follow-up study.*°

4. Conclusions
We have devised a highly reliable measurement method for zeta

potential measurement by the streaming potential method in a
nonaqueous solvent. From the viscoelastic properties of the solution

6

at the solid-liquid interface, it was clarified that the fluctuation of the
streaming potential has a relaxation time peculiar to the measure-
ment sample and fluctuates exponentially. It was confirmed that the
relaxation time of the PC system is relatively longer than that of the
water system. Therefore, we devised a method to calculate the
convergence value of the streaming potential under each pressure by
fitting with an exponential function and succeeded in calculating the
zeta potential in a nonaqueous solvent. It has also been shown to be
useful for the analysis of previously unknown viscoelastic properties
of solutions at solid-liquid interfaces. This method provides a means
to analyze the various mitigation behaviors of the electric double
layer and can contribute to the knowledge for understanding the
dynamic state of the electric double layer.
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