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ABSTRACT: Organic ionic plastic crystals (OIPCs) have -3
attracted attention as novel organic solid electrolyte materials,
but their insufficient mechanical strength and ionic conductivity
have prevented their application. In this study, a lithium salt,
lithium bis(fluorosulfonyl)amide (LiFSA), and an inorganic solid
electrolyte, Li;LayZr,0;, (LLZO), were added to an OIPC, N,N-
diethylpyrrolidinium bis(fluorosulfonyl)amide ([C,epyr][FSA]).
The fabricated organic—inorganic hybrid solid electrolytes were
evaluated thermally, mechanically, and electrochemically to reveal §| —o-orousLLz0
. . —O—OIPC/LiI10/LLZO
which factors affect the properties of the electrolytes. All samples
showed excellent thermal stability regardless of LiFSA or LLZO 0 10 20 30 40 50 60 70
concentration, and they were found to be highly plastic and ion- LLZO concentration / wt%
conductive solids at a wide range of temperatures. It was also
revealed that the addition of LLZO raised the nanoindentation stiffness (H;r) of the [C,epyr][FSA]/LiFSA composites. The ionic
conductivity of the hybrid electrolytes was higher than that of the pristine OIPC, reaching a value of 2.1 X 107*S cm™! at 25 °C
upon addition of appropriate amounts of LiFSA and LLZO. Overall, samples with higher LiFSA concentration and moderate LLZO
concentration exhibited higher ionic conductivity. Cyclic voltammetry results showed that the [C,epyr][FSA]/LiFSA/LLZO
composites were lithium-ion conductors. These findings indicate that by optimizing the concentrations of lithium salt and LLZO, it
would be possible to realize their applications as solid electrolytes.

LLZO

1. INTRODUCTION improve the conductivity and stability of all-solid-state
batteries.”

The solid electrolyte is the essential part of all-solid-state
batteries. Many kinds of inorganic and organic solid electro-
lytes have already been developed.”™® As organic electrolytes,
poly(ethylene oxide) (PEO)-based solid polymer electrolytes
have been well-studied. Such PEO systems have also been
combined with other materials, such as poly(m-phenylene

Lithium-ion batteries (LIBs) are widely and effectively
applicable to various devices, such as mobile phones and
electric vehicles, because of their high energy density, good
cycling performance, and usability over a wide range of
temperatures. However, LIBs still have some safety problems
due to the use of flammable liquid electrolytes which can easily

leak, decompose, and cause undesirable reactions with active isophthalamide)9 and succinonitrile,'® to realize high ionic
materials of the electrodes.”” Improving the safety level of conductivity and mechanical strength. Also, organic electro-
LIBs is one of the keys to a wider range of applications of LIBs lytes often combine inorganic electrolytes to produce solid-
in the future. All-solid-state batteries, which have no risk of state electrolytes with higher performance. For example, Fang
electrolyte leakage, are expected to solve the safety problems of et al. developed a composite polymer electrolyte membrane
current LIBs. They also have other advantages such as higher incorporating a sodium beta-alumina ceramic electrolyte.''
mechanical strength, fewer side reactions between electrolytes Various composite electrolytes obtained by combining differ-
and electrodes, a wider electrochemical window of electrolytes, ent kinds of electrolytes are under development. Among such
and theoretically higher energy density.3 However, the

commercialization of all-solid-state batteries still faces many Received: February 4, 2024

challenges; at this stage, they are inferior to conventional Revised: ~ March 28, 2024

liquid-based devices with regard to both ionic conductivity and Accepted:  April 16, 2024

stability. This is partly due to the hard surfaces of solid Published: May 9, 2024

electrolytes, leading to problems with the interface with
electrode active materials.” Hence, efforts are being made to
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composite electrolytes, those containing organic ionic plastic
crystals (OIPCs) possess several advantages. OIPCs exhibit the
plastic crystal phase (PC phase), the mesophase between the
solid and the liquid phases.'” In the PC phase, molecules and
ions are arranged in an ordered fashion but move in a
rotational and translational manner. This is why the plasticity
of OIPC:s is like a liquid but with the rigid shape of a solid at
room temperature. In addition to plasticity, the OIPCs of
interest for battery application have many other favorable
properties for safety and efficiency: low flammability, negligible
volatility, and relatively high ionic conductivity for a solid.
Some OIPCs are being studied as materials for solid
electrolytes."> "> The thermal and electrochemical properties
of OIPCs are very different depending on the type of cation
and anion of which they are comprised.'® Some of the previous
works'”™"” have shown that N,N-diethylpyrrolidinium bis-
(fluorosulfonyl)amide, or [C,epyr][FSA] (see Figure 1), has
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Figure 1. Chemical structure of [C,epyr][FSA].

suitable properties for a solid electrolyte: high thermal stability
(a decomposition temperature of 300 °C) and the highest
ionic conductivity (9.6 X 107° S cm™ at 25 °C) ever observed
for OIPCs. The ionic conductivity of OIPCs can be enhanced
by doping with small amounts of lithium salt.”® Yamada et al.
reported that [C,epyr][FSA] doped with S mol % of LiFSA
exhibited an ionic conductivity of 6.4 X 107 S cm™" at 25
°C." Since the level of ionic conductivity of pristine OIPCs is
much lower than that of current liquid electrolytes, lithium salt
doping is required for the application of the pristine OIPCs in
all-solid-state batteries.

Despite the many advantages mentioned above, the level of
ionic conductivity and lack of mechanical strength of the
OIPCs are problems that must be overcome to enable their use
in devices to replace the current batteries. To render the
OIPCs more suitable as electrolytes, researchers have added
various other materials to them to form novel composites.
OIPCs were mixed with poly(vinylidene difluoride) (PVDF)
nanofibers and PVDF nanogarticles, and their composites
exhibited unique properties. =23 For example, Nti et al
fabricated OIPC/PVDF nanoparticle composites and found
that PVDF particles reduce the degree of crystallinity of
OIPCs, resulting in higher ionic conductivity [ionic con-
ductivity of N-ethyl-N-methylpyrrolidinium bis-
(trifluoromethylsulfonyl)amide ([C,mpyr][TFSA]) at 30 °C
increased from 3.87 X 107" to 5.86 X 10™* S cm™" when 10 vol
9% PVDF was added].”* Wang et al. reported that when OIPC
[triethylmethylammonium bis(fluorosulfonyl)amide], LiFSA,
and PEO were combined, the ionic conductivity of the
composite containing 30 wt % of PEO reached 2.14 X 107* S
em™! at 50 °C.* Besides polymers, ceramic nanoparticles have
also been added to OIPCs in order to improve their properties.
According to Adebahr et al,, the addition of 10 wt % nanosized
TiO, to [C,mpyr][TFSA] resulted in an increase in ionic
conductivity.” It was also reported that the addition of SiO,
nanoparticles was effective to raise the conductivity of
[C,mpyr][TESA].”*® However, when added to Li-doped
[C,mpyr][TFSA], SiO, resulted in composites that were less

conductive, unless the particles were first functionalized with
lithium propanesulfonate.””

Li;La;Zr,0y, (LLZO), a garnet-type inorganic electrolyte,
has also been studied as a favorable additive to OIPCs. This
combination of electrolytes is expected to overcome the
mechanical weaknesses of OIPCs and enhance the ionic
conductivity by reducing the grain boundary resistance and the
interfacial resistance of LLZO. LLZO is safe and has good
ionic conductivity at room temperature, but there are still some
challenges to its use in all-solid-state batteries: lithium
electrodeposition,” high area-specific resistance (ASR), and
difficulties in cell assembly due to its brittleness and
stiffness.””** Various efforts are currently underway to
overcome these issues. Gutiérrez-Pardo et al.*® showed that,
when the LLZO electrolyte was covered with thin OIPC layers
on the surfaces in contact with electrodes, the total ionic
conductivity reached 1.1 X 107 S cm™', which is the highest
among the values achieved by the composites mentioned
above (ionic conductivities required for commercial LIBs are
in the order of 107 S cm™"), and the ASR was reduced by
about one-fifth (from 640 to 120 Q cm?). One problem with
this OIPC layer/LLZO/OIPC layer electrolyte is the
deterioration of the interlayer coating due to electrolyte
degradation and reactivity. This problem regarding interlayers
may possibly be solved by mixing OIPC and LLZO instead of
layering them.

Considering its great potential as a novel solid electrolyte
material, an OIPC, [C,epyr][FSA], was combined with lithium
salt, lithium bis(fluorosulfonyl)amide (LiFSA), and LLZO to
develop organic—inorganic hybrid solid electrolytes (HSEs) in
this research. It has already been revealed that after certain
amounts of lithium salt and LLZO were added to [C,epyr]-
[FSA], the ionic conductivity was improved, while its
sufficiently high thermal stability was maintained. However,
there are still some questions to be answered, including the
extent to which the addition of LLZO can improve the
mechanical strength of the OIPCs. This study aims to further
elucidate the effects of lithium salt and LLZO on the properties
of electrolytes.

2. MATERIALS AND METHODS

2.1. Materials. 1-Ethylpyrrolidine (98%) was purchased
from Tokyo Chemical Industry Co., Ltd. and purified by
atmospheric distillation (fraction at 78 °C). Iodoethane
(>98.0%, further purified by atmospheric distillation with the
fraction collected at 72 °C), ethyl acetate (super dehydrated),
dichloromethane (99.5%), silver nitrate (guaranteed reagent),
and acetonitrile (guaranteed reagent) were purchased from
FUJIFILM Wako Pure Chemical Corporation. LiFSA (99.0%)
was purchased from Kishida Chemical Co., Ltd. LLZO
(particle size: 3.3 ym) was donated by Niterra Co., Ltd.

2.2. Synthesis of N,N-Diethylpyrrolidinium Bis-
(fluorosulfonyl)amide ([C,epyrl[FSA]). [C,epyr][FSA]
was synthesized from N,N-diethylpyrrolidinium iodide (32.9
g, 0.129 mol) and LiFSA (24.4 g 0.130 mol) following the
previously reported procedure (yield: 29.5 g, 74%)."

2.3. Preparation of [C,epyr][FSA]/LiIFSA Composites.
Given amounts of [C,epyr][FSA] and LiFSA were weighed in
a glovebox under an argon atmosphere. The concentrations of
LiFSA were chosen as 5 and 10 mol %. Outside the glovebox,
each reagent was dissolved in dichloromethane and then mixed
and stirred overnight at room temperature. After being stirred,
the mixture was vacuum-dried at 40 °C for 24 h. Here,
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composites of [C,epyr][FSA] and x mol % of LiFSA are
denoted as OIPC/Lix (x = 5 or 10).

2.4. Preparation of [C,epyr][FSA]/LiIFSA/LLZO Com-
posites. Composites of the LLZO and the OIPC/LiS and
LLZO were prepared by the following ball-milling method.
OIPC/LiS and LLZO, the sum of which was about 10% of the
volume of a plastic container, were weighed in a glovebox
under an argon atmosphere. The weight ratios of LLZO varied
from 10, 30, 50, and 70 wt %. Zirconia beads (3 mm¢) were
added to the same plastic container to fill 30% of the
container’s volume. The container was placed on a mini pot
mill PSL-1 M (Ito Corporation) and crushed and mixed at 450
rpm for 2 h. The contents were then sieved, and the HSE
composite alone was collected.

OIPC/Lil0/LLZO composites were prepared by stirring.
Given amounts of OIPC/Lil0 and LLZO were added to a
sample bottle in a glovebox under an argon atmosphere. The
weight percent of LLZO varied from 10, 30, 50, and 70 wt %.
The contents of the bottle were stirred for S min to produce
the HSE composite. Here, composites of [C,epyr][FSA], x
mol % of LiFSA, and y wt % of LLZO are denoted as OIPC/
Lix/LLZOy (x = 5 or 10 and y = 10, 30, 50, or 70).

2.5. Fabrication of [C,epyr][FSA]/LIFSA/LLZO Pellets.
A Teflon sheet (thickness: 500 um; outer diameter: 13 mmg;
inner diameter: 10 mm¢) was pressed at 15 MPa for 10 s. The
sample (70 mg) was placed in the inner circle of the sheet.
Under evacuation with a vacuum pump, the sample was
pressed at 12 MPa for 10 min and then at 25 MPa for 2 h.

2.6. Scanning Electron Microscopy. The surface
morphology of the OIPC/Li/LLZO pellets was observed
using a scanning electron microscope SU-8000 (Hitachi, Ltd.)
with an accelerating voltage of 10 kV. The samples were fixed
on the stage with carbon tape.

2.7. Thermal Properties. The sample was placed in an
open-type aluminum pan and accurately weighed. Measure-
ments were carried out at 25—500 °C using a thermogravi-
metric—differential thermal analysis (TG—DTA) 7200 instru-
ment (Hitachi High-Tech Corporation). The N, gas flow rate
was 200 mL min~" and the heating rate was 10 °C min™".

The sample was placed in a sealed-type aluminum pan and
accurately weighed. Measurements were carried out using a
DSC7200 (Hitachi High-Tech Corporation). The N, gas flow
rate was 40 mL min~' and the heating rate was 10 °C min™".

2.8. Compression Test. Compression tests were carried
out using a bioindenter, UNHT® Bio (Anton Paar), in the
sinusoidal mode. OIPC/Li5 and OIPC/LiS/LLZO pellets
were analyzed by the application of a load and microsinusoidal
vibration by an indenter. Stiffness is calculated from the phase
difference between the waves of the force and the indentation
depth, which gives a depth profile of the indentation stiffness
(Hir). Measurements were conducted under the following
conditions: The type of indenter was R500 pm spherical
indenter. 0.1—-3 mN and 0.5—10 mN of load were applied to
OIPC/LiS and OIPC/LiS/LLZO pellets, respectively. The
strain rates were 0.025 s~'(OIPC/LiS) and 0.05 s™'(OIPC/
LiS/LLZO). The sinus frequency was 10 Hz for all samples.
The sinus amplitudes were 0.3 (OIPC/LiS) and 1 mN
(OIPC/LiS/LLZO).

2.9. Complex Impedance Measurement. Complex
impedance measurements were carried out at —60 to 100 °C
using an impedance analyzer, VSP-300 (BioLogic), to measure
the ionic conductivity of the samples. The temperature of the
samples was controlled by placing the measurement cell in a

thermostatic chamber, SU-261 (Espec Corp.). Kapton tape
n0.650S—P (Kenis, Ltd.) cut into a doughnut shape with an
inner diameter of 8 mmg and an outer diameter of 24 mmg
was glued onto a Pt electrode (16 mmg). The sample was
placed in the doughnut hole of the Kapton tape and placed in a
cell, TYS-00DMO1 (Toyo System Co., Ltd.), in a glovebox
under an argon atmosphere. Resistance values were deter-
mined by graphical processing based on Nyquist plots of the
measured data. Ionic conductivity was calculated by applying
the resistance values to eq 1

PR
" RS (1)

where 0, d, R, and S are the ionic conductivity, interelectrode
distance, resistance value, and sectional area, respectively.

The activation energy of ionic conduction was calculated
from the inclination of the Arrhenius plot using eq 2

logo =logA — ————

2.303RgT (2)
where 6, A, E,, R, and T are the ionic conductivity, frequency
factor, activation energy, gas constant, and temperature,
respectively.

The frequency was changed from 100 mHz to 1 MHz. The
applied voltage was 100 mV. Pt electrodes were used as the
working electrode and counter electrode.

2.10. Cyclic Voltammetry. Cyclic voltammetry (CV)
measurements were carried out to investigate the redox
reaction of Li in the electrolytes. Kapton tape no. 650S-P
(Kenis, Ltd.) cut into a doughnut shape with an inner diameter
of 8 mm¢ and an outer diameter of 24 mm¢ was glued onto a
Li electrode (16 mmg) in a glovebox under an argon
atmosphere. The sample was placed in the hole of the Kapton
tape and placed in cell TYS-00DMO1 (Toyo System Co., Ltd.).
Measurements were carried out at 60 °C using an impedance
analyzer, VSP-300 (BioLogic), in a thermostatic chamber, TB-
1 (BAS Inc.), after stabilizing the cell at room temperature for
24 h. The voltage range of measurements was —0.25 to 1.0 V
and the scan rate was 5.0 mV s~'. The working electrode was a
Ni electrode. Li electrodes were used as the reference and
counter electrode.

3. RESULTS AND DISCUSSION

As mentioned above, previous studies have reported that
[C,epyr][FSA] exhibits ionic conductivity higher than that of
other pyrrolidinium salts, and [C,epyr][FSA] was used in this
study to develop solid electrolytes combining OIPC and LLZO
for LIBs. Scanning electron microscopy (SEM) observations
were made to confirm the complexation of the complexes of
the OIPC and LLZO. As a representative sample, the OIPC/
LiS/LLZO70 observations are shown in Figure S1. The SEM
images of OIPC/LiS/LLZO70 clearly showed that OIPC/Li$S
is well-mixed with the LLZO matrix. It was found that there
were no gaps between the OIPC and LLZO particles and that
they were filled. Similar observations were made for the other
composites.

3.1. Thermal Stability. TG—DTA measurements were
carried out to evaluate the thermal stability of the [C,epyr]-
[FSA] and the OIPC/Lix composites. The TG curves of the
samples are shown in Figure S2. The 5% weight loss
temperature of the OIPC ([C,epyr][FSA]), OIPC/LiS, and
OIPC/Lil0 was 295, 292, and 301 °C, respectively. These
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Figure 2. TG curves of the (a) crystalline OIPC/LiS/LLZO and (b) crystalline OIPC/Li10/LLZO composites.
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Figure 3. DSC curves of the (a) OIPC/LiS/LLZO and (b) OIPC/Lil0/LLZO composites.

results indicate that the addition of lithium salt does not affect
the thermal stability of the OIPC. The thermal degradation is
considered to be caused by the cleavage of S—F bonds.”**
Considering that the minimum thermal stability requirement
for LIBs is 150 °C, all of these [C,epyr][FSA] and OIPC/Lix
composites have sufficient thermal stability as electrolytes.
TG curves of the OIPC/LiS and OIPC/LiS/LLZO
composites are shown in Figure 2a and those of the OIPC/
Li10 and OIPC/Li10/LLZO are shown in Figure 2b. For the
OIPC/LiS/LLZO composites, the LLZO content of each
sample, which was calculated from the residual mass of OIPC/
LiS, LLZO, and the corresponding OIPC/LiS/LLZO
composite at 500 °C, was almost the same as its planned
LLZO ratio. The 5% weight loss temperatures of OIPC/LiS,
OIPC/LiS/LLZO10, 30, 50, and 70 were 292, 286, 289, 316,
and 343 °C, respectively. Although the samples with 30 wt %
or less LLZO showed no improvement in thermal stability, the
composites became more thermally stable as the amount of
LLZO added increased. Thus, the addition of LLZO can
improve the thermal stability of OIPC/Li. The 5% weight loss
temperatures of OIPC/Lil0, OIPC/Li10/LLZO10, 30, S0,
and 70 were 295, 287, 299, 290, and 345 °C, respectively. The
thermal stability was almost the same for the composites with
0—50 wt % of LLZO concentration, but it increased by about
50 °C when 70 wt % of LLZO was added. The weight loss is
mostly attributed to the degradation of OIPC/Li because the
residual mass of pure LLZO at 500 °C is reported to be
97.2%.** S—F bonds, whose cleavage is the leading cause of the
thermal degradation,””* are present in [C,epyr][FSA] and
LiFSA but not in LLZO, so we can expect that the temperature
where OIPC/Li/LLZO composites begin to lose weight

22206

becomes higher as the LLZO content increases. The somewhat
different profile of the TGA curve for 50 wt % LLZO is
thought to be due to the ratio of OIPC/Li to LLZO. In OIPC/
Lil0/LLZOS0, the disordered interphase of OIPC/Li formed
at the surface of LLZO particles is considered to be larger than
that in OIPC/Li10/LLZO10 and 30 (regardless of whether it
is connected or isolated). This may make the cleavage of the
S—F bonds more facile. In the same way, the disordered
interphase of OIPC/Li10/LLZO70 may be larger than that of
LLZOS50. However, it contains more LLZO than does the case
for OIPC/Li, and thus, the excess amount of LLZO would
have a greater impact upon the thermal stability in the case of
the OIPC/Li10/LLZ0O70. All of the composites had sufficient
thermal stability as an electrolyte for LIBs despite the
differences depending on the LLZO concentration.

3.2. Phase-Transition Behavior. Differential scanning
calorimetry (DSC) measurements were carried out to evaluate
the phase-transition behavior of the [C,epyr][FSA] and the
OIPC/Lix composites. DSC curves (second heating scan) of
the samples are shown in Figure S3. The solid phases were
designated as phase I and phase II in the order of higher
temperature. The temperature range of measurement was
—150 to 150 °C except for that of OIPC/Li10, which showed
no clear melting point. The solid—solid phase-transition
temperatures of [C,epyr][FSA], OIPC/LiS, and OIPC/Lil0
were —34, —32, and —35 °C, respectively, indicating that the
addition of lithium salt has no effect on the solid—solid phase
transition of the OIPC. On the other hand, the melting point
decreased from 131 to 109 °C when 5 mol % of LiFSA was
added. Such a decrease is a typical characteristic of the Li-
doped plastic crystal systems.'”*** It should be the result of
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disorder within the system caused by eutectic reactions
between the OIPC and the lithium salt. OIPC/Lil0 showed
no clear melting point. This disappearance of melting points
suggests that the system was further disordered by the addition
of a larger amount of lithium salt. For OIPC/Li10, the DSC
measurement was carried out only up to 100 °C. It was already
reported that the OIPC/Lil0 sample exhibited no melting
point above 100 °C.”

DSC curves (second heating scan) of the emulsion of
OIPC/LiS/LLZO are shown in Figure 3a and those of the
emulsion of OIPC/Li10/LLZO are shown in Figure 3b. The
solid—solid phase-transition temperatures were around —34 °C
for all samples regardless of the amount of lithium salt or
LLZO added. As for OIPC/LiS/LLZO composites, the
melting points increased and the temperature range of phase
I expanded as the amount of LLZO increased. This means that
LLZO extends the operating temperature range of the OIPC/
Lix composites as solid electrolytes. The melting points of
OIPC/Lil0/LLZO composites showed almost the same
tendency, while no clear melting point was observed in the
samples containing 0 and 70 wt % of LLZO. At the same
LLZO concentration, the OIPC/Lil0 samples exhibited a
lower and broader melting point than the analogous OIPC/Li$
samples, indicating that the former was more disordered than
the latter. This can be attributed to the increase of the liquid
phase and well-coated LLZO particles in the system.

3.3. Mechanical Strength. Compression tests were
carried out to evaluate the mechanical strength of OIPC/LiS
and the OIPC/LiS/LLZO pellets. Figure 4 shows the
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Figure 4. H;; of OIPC/LiS and OIPC/LiS/LLZO composites.

nanoindentation stiffness (H;y) of the samples. The Hip of
OIPC/LiS was 0.0920 MPa. It is likely that this low value is
due to eutectic reactions between [C,epyr][FSA] and LiFSA.
The Hip increased with increasing LLZO concentration, and
the Hyp of OIPC/LiS/LLZO70 (0.30 MPa) was about 3 times
higher than that of pure OIPC/Li5 without LLZO. The slight
decline observed with OIPC/LiS/LLZO30 is possibly caused
by the formation of the disordered OIPC/Li layer between
OIPC/Li and LLZO, which will be discussed in a later section.
The contact area of the OIPC/Li and LLZO, where this
disordered layer is formed, will increase as the LLZO content
increases. This is probably why the H;y of the LLZO30 sample
was lower than that of LLZO10. However, when LLZO
content becomes higher, the mechanical strength of the
composite electrolytes will be more dependent on the stiffness
of LLZO. For these reasons, the H;; of the OIPC/Li/LLZO
composites reached the highest value with an intermediate
amount of LLZO. The Hyy increased again with more LLZO,
indicating that the disordered layer got thinner, and the

stiffness of LLZO became more responsible for the whole
mechanical strength. From these results, it is concluded that
[C,epyr][FSA]/LiFSA can be mechanically strengthened by
the addition of LLZO, while the Hj; of pure LLZO should be
measured to reveal the mechanism behind this mechanical
improvement.

In the case of 18650 format LIBs, the most widely used type
of LIBs,*® the internal pressure buildup of the cells is less than
2.5 MPa even when the cells are heated at a rate of 4.8 °C
min~" to reach 150 °C at the surface.” It suggests that the
stiffness obtained from the OIPC/Li/LLZO samples still
require improvement to be used in real batteries. However,
these results gave us an important insight that we can adjust
the stiffness of solid-state electrolytes by changing the ratio of
mixed ceramic particles. In considering the applications, some
questions should also be answered; whether the internal
pressure of all-solid-state LIBs changes in the same manner as
the current LIBs, how stable the electrolyte can be when it is
exposed to external shocks other than thermal abuse, etc.
These points of view will be considered in future studies.

3.4. lonic Conductivity. Complex impedance measure-
ments were carried out to evaluate the ionic conductivity of the
[C,epyr][FSA] and the OIPC/Lix composites. Arrhenius plots
of ionic conductivities for the samples are shown in Figure S4.
The plots were linear and showed an Arrhenius-type
temperature dependence,’’ i.e., these electrolytes have hopping
conduction of ions.”" In all samples, the ionic conductivity rose
sharply at around —30 to —40 °C. This temperature range is
almost identical to the solid—solid phase-transition temper-
atures (from phase II to phase I) observed by DSC
measurements. It is thought that the presence of phase I, the
most plastic and therefore conductive solid phase, made the
ions highly mobile and thus increased the ionic conductivity.
The activation energy of ionic conduction was calculated from
the slope of the Arrhenius plots using eq 2 and is presented in
Table S1. The activation energy of ionic conduction of
[C,epyr][FSA], OIPC/LiS, and OIPC/Lil0 was almost the
same: 27.9, 30.5, and 24.7 k] mol ™, respectively. It means that
the mechanism of ionic conduction does not change
depending on the lithium-salt concentration. Table S1 also
shows the ionic conductivity at 25 °C. The ionic conductivity
of [C,epyr][FSA], OIPC/LiS, and OIPC/Lil0 was 2.4 X 107°,
7.3 X 107 and 2.8 X 107° S cm™ at 25 °C, respectively. The
ionic conductivity was improved as the lithium-salt concen-
tration increased. This implies that the accumulation of liquid
phases distributed in the matrix of OIPC/Li composites
occurred as the amount of lithium salt increased, and when the
amount of lithium salt reaches at a certain level, they form new
interconnected liquid pathways where ions can be transported,
as suggested by Henderson et al.*’

Arrhenius plots of the corresponding OIPC/LiS/LLZO are
shown in Figure Sa and those of the corresponding OIPC/
Lil10/LLZO are shown in Figure Sb. The plots were linear and
showed an Arrhenius-type temperature dependence, as was
observed for [C,epyr][FSA] and the OIPC/Lix composites.
The activation energy of ionic conduction was calculated from
the slope of the Arrhenius plots and is presented in Table S1.
Although there are some minor exceptions, the activation
energy slightly increased as the LLZO concentration increased.
This may be because the presence of LLZO prevents ion
hopping within the defects, and the bulk of LLZO becomes the
main conduction path. However, the addition of LLZO did not
drastically change the mechanism of ionic conduction. In all
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Figure S. Arrhenius plots of ionic conductivities for (a) OIPC/Li5 and OIPC/Li5/LLZO composites and (b) OIPC/Li10 and OIPC/Li10/LLZO

composites and (c) LLZO concentration dependence of ionic conductivity at 25 °C for OIPC/Lix/LLZOy.

the samples, the ionic conductivity increased sharply at around
—30 to —40 °C.

This temperature range is almost identical to the solid—solid
phase-transition temperatures observed by the DSC measure-
ments. As in the case of the OIPC/Li composites, this jump in
ionic conductivity is considered to be attributed to phase L
Regardless of the LLZO concentration, the ionic conductivity
became higher as the temperature increased.

Figure Sc describes the relationships between LLZO
concentration and ionic conductivity of the OIPC/LiS/
LLZO and the OIPC/Lil0/LLZO at 2S5 °C. The ionic
conductivity of the OIPC/LiS/LLZO10 was 1.8 X 10™*S cm™
at 25 °C, which was about 25 times higher than that of the
OIPC/LiS. Further addition of LLZO decreased the ionic
conductivity. The ionic conductivity at 25 °C reached the
highest value of all, 2.1 X 107* S cm™", when 30 wt % of LLZO
was added to OIPC/Lil0. However, composites with higher
LLZO concentration were even less conductive than the
composite without LLZO. This means that there is an
optimum LLZO concentration to improve the ionic con-
ductivity, and the value is different depending on the LiFSA
concentration. OIPC/LiS and OIPC/Lil0 were visually
different in fluidity. It is conceivable that such differences in
physical properties changed the thickness of the disordered
layer and, as a result, the optimum LLZO concentration. To be
more specific, more fluid OIPC/Lil0/LLZO composites
required a larger amount of LLZO than the amount of the
OIPC/LiS/LLZO samples to form a stable interphase between
the OIPC/Li and LLZO.

22208

In the present study, composites were prepared by mixing
OIPC and unsintered LLZO. The process of sintering is costly,
and both energy and time intensive (e.g, at 1200 °C for 36
h),* so we did not do that process in this study. LLZO is a
solid electrolyte and has a good ionic conductivity at room
temperature, as already mentioned. However, the ionic
conductivity of unsintered LLZO is low due to a high grain
boundary resistance. Pellets of unsintered LLZO were
prepared, and their ionic conductivity was measured. The
results showed that the ionic conductivity of the unsintered
LLZO was below 107 S cm™" at room temperature (Figure
SS). After the addition of LLZO to the OIPC/Li, the ionic
conductivity of the OIPC/Li increased. It is considered that
the increased ionic conductivity of the OIPC/Li composite is
not a result of the contribution from the ionic conduction of
LLZO but rather the influence of the LLZO surface.

It is suggested that the formation of a disordered interphase
of the OIPC/Li on LLZO particles increases the ionic
conductivity. Nti et al.** reported similar tendencies for N-
ethyl-N-methylpyrrolidinium bis(fluorosulfonyl)amide
([C,mpyr][FSA])/PVDF composite electrolytes, suggesting
that a PVDF-rich interphase and disordered OIPC interphase
were formed between [C,mpyr][FSA] and PVDF. The
formation of the disordered interphase of [C,mpyr][FSA]
was supported by DSC results and '"H NMR spectra. Nti et
al.** also reported that the results of Fourier-transform infrared
(FTIR) spectroscopy showed that new hydrogen bonds were
formed between [C,mpyr][FSA] and PVDF and such a strong
interaction could create the disordered interphase. [C,mpyr]-
[FSA]/PVDF exhibited the highest conductivity when the
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Figure 7. Cyclic voltammograms of (a) OIPC/LiS/LLZ0O10 and (b) OIPC/Li10/LLZO30.

PVDF concentration was 50 vol %. The additive concentration
vs ionic conductivity of [C,mpyr][FSA]/PVDF is thought to
be a parallel phenomenon to that of [C,epyr][FSA]/LiFSA/
LLZO, and thus we speculate that there is a disordered
[C,epyr][FSA]/LiFSA interphase. In the systems with a
disordered interphase, the ionic conductivity increases as the
amount of additives increases because the distance between the
particles decreases and the interphase gradually interconnects
(Figure 6)."* However, when the percolation threshold is
exceeded, the additive particles begin to overlap, and the

22209

disordered interphase becomes isolated (Figure 6) and the
volume of less conductive (e.g., nonsintered LLZO and PVDF)
materials increases. This is the cause of the “highest in the
middle concentration” tendency of ionic conductivity seen in
OIPC/Lil0/LLZO. The initial increase can also be attributed
to the formation of a space charge layer, a region where
positive or negative charges accumulate locally, at the interface
between [C,epyr][FSA]/LIFSA and LLZO.*>*>*® Further
investigation, including 'H NMR and FTIR, is required to
support these hypotheses.
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3.5. Redox Behavior of Li. CV was carried out to evaluate
the cyclic performance of the electrolytes. As for OIPC/Li5
and OIPC/Lil0, peaks derived from oxidation of Li were
observed at around 0.1 V vs Li/Li* and those derived from
reduction of Li were observed at —0.2 V vs Li/Li" in all cycles
from first to 100th (Figure S6). This demonstrates that these
[C,epyr][FSA]/LiFSA composites conduct lithium ions. A
broad reduction behavior was observed in each cycle for the
phosphorus of OIPC/LiS. OIPC/Lil0 also showed two
reduction peaks when the number of cycles was low. These
may have been caused by the overpotential required for some
of the lithium ions to be reduced.

The cyclic performance of the OIPC/Li/LLZO composites
with high ionic conductivity was also examined. Figure 7a,b
shows cyclic voltammograms of OIPC/LiS/LLZO10 and
OIPC/Lil0/LLZO30, respectively. As with the OIPC/Li
composites, both exhibited peaks derived from oxidation and
reduction of Li in all cycles from first to 100th, meaning that
the OIPC/Li/LLZO composites can also work as lithium-ion
conductors. Oxidation peaks were observed at about 0 V vs Li/
Li* and reduction peaks were observed at around —0.2 to —0.1
V vs Li/Li*. There were one oxidation peak and two reduction
peaks in each cycle when the cycle number was low, but a
single reduction peak appeared when the cycle number
reached a certain figure. The two reduction peaks may be
attributed to the presence of an overpotential. Compared with
OIPC/Li composites (Figure S6), the current density of both
oxidation and reduction became larger after LLZO was added.
It means that LLZO has the effect of improving the oxidation
and reduction of Li. This improvement can be derived from
the promoted diffusion of lithium ions caused by the
disordered interphase between [C,epyr][FSA]/LiFSA and
LLZO. The diffusion coeflicient is a key parameter in
determining the electrochemical characteristics of a battery
model.¥’ Furthermore, the current density of OIPC/Lil0/
LLZO30 increased with further cycling, which is consistent
with what was reported by Yamada et al.'” This may be due to
the change in the electrode/electrolyte interface or the
localization of Li* through repeated voltage application.**™>°

4. CONCLUSIONS

In this study, organic—inorganic HSEs, [C,epyr][FSA]/
LiFSA/LLZO, were prepared, and their thermal, mechanical,
and electrochemical properties were studied to reveal what
effects lithium salt and LLZO have on the OIPC. Each sample
showed a high level of thermal stability for a solid electrolyte
regardless of lithium-salt or LLZO concentrations. While the
addition of LLZO had little effect on the phase-transition
behavior, it expanded the temperature range of phase I with
the melting point being higher. As the LLZO concentration
increased, the H;y values of the composites became higher,
implying that LLZO enhanced the mechanical strength of the
composite electrolytes. Higher LiFSA concentration resulted in
higher ionic conductivity. As for OIPC/LiS/LLZO and OIPC/
Lil0/LLZO, the ionic conductivity reached the maximum
value when 10 and 30 wt % of LLZO were added, respectively.
We speculate that disordered domains of [C,epyr][FSA]/
LiFSA are formed at the interface of LLZO and that when an
adequate amount of LLZO is added, they interconnect to form
new ion-conducting pathways. However, further addition of
LLZO decreased the ionic conductivity, suggesting that
optimization of the combination of LiFSA and LLZO
concentrations is required to achieve high ionic conductivity.

Among all the tested samples, OIPC/Li10/LLZO30 exhibited
the highest ionic conductivity of 2.1 X 107* S cm™" at 25 °C.
CV was performed with the OIPC/Li/LLZO composites
which showed high ionic conductivity. The results indicated
that both [C,epyr][FSA]/LiFSA and [C,epyr][FSA]/LiFSA/
LLZO composites are lithium-ion conductors and that
addition of LLZO can promote oxidation and reduction of
Li in the composites. Considering all of these results,
[C,epyr][FSA]/LiFSA/LLZO composites are highly promis-
ing as an organic—inorganic HSE. Future research will be
continued to reveal what interactions are taking place between
OIPC/Li and LLZO and how they affect the ionic conductivity
and other properties of the hybrid electrolytes in more detail.
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