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(QSEs)
LigxsyALTi>_SiyPs_,O;, and a single-cation ionic liquid (SCIL)
composed of lithium bis(fluorosulfonyl)lamide and lithium (fluoro-
sulfonyl)(trifluoromethanesulfonyllamide are demonstrated with-
out inducing concentration gradients. The QSEs exhibited ionic
conductivities comparable to the SCIL without high-temperature

Proof-of-concept quasi-solid electrolytes combining

sintering. These results demonstrate the potential of SCIL-based QSEs
as model systems for investigating Li* transport under concentration-
gradient-free conditions in solid-state battery systems.

Rechargeable batteries are essential for a decarbonized society.
However, conventional lithium-ion batteries use flammable
organic electrolytes, raising safety, cost, and recycling
concerns.’™ Solid electrolytes (SEs), which eliminate ignition
risks,” are typically composed of sulfides,’ oxides,” halides,®
and polymers.” Oxide SEs such as garnet-type Li,LazZr,O;,
(LLZO),"® LISICON-type Li,_,,Zn,GeO,,"" and NASICON-type
Liy AL Ti, (PO4); (LATP)'>™ offer high ionic conductivity
(107*-107° S em ™! at room temperature) with good electroche-
mical stability. Yet, their poor interfacial contact requires high-
temperature processing.'*"'>

Quasi-solid electrolytes (QSEs) have been widely investigated
as an effective strategy to improve interfacial contact between
SEs as well as between SEs and active materials by incorporating
soft materials such as ionic liquids (ILs) or polymers, thereby
enhancing processability.'*™"” However, despite these advan-
tages, the ionic conductivities of many IL- or polymer-based
QSEs remain lower than those of sintered SE pellets."*” More-
over, under electrochemical polarization, ion transport in such
soft-material-containing QSEs is often accompanied by concen-
tration polarization originating from the mobile ionic species in
the soft phase, including not only anions but also organic
cations present in room-temperature ILs. This concentration
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polarization can obscure intrinsic ion-transport behavior in
composite electrolytes and hinders reliable evaluation of Li*
transport, particularly across solid-soft material interfaces. From
this perspective, the development of QSEs based on soft materi-
als that do not induce concentration polarization is highly
desirable, as it would provide a well-defined model system for
examining ion-transport behavior in composite electrolytes with-
out complications arising from concentration gradients.

Single cation ionic liquids (SCILs),'**° which contain only
one type of alkali cation such as Li" (though analogous systems
exist for Na" and K'), represent a class of soft materials in
which Li" is the sole mobile cation. Because they do not induce
concentration polarization under anion-blocking conditions,
SCILs provide a suitable model soft material for QSE systems
in which ion-transport behavior can be evaluated without
complications arising from concentration gradients. We have
previously reported a Li-based SCIL composed of lithium
bis(fluorosulfonyl)amide (LiFSA) and lithium (fluorosulfonyl)-
(trifluoromethanesulfonyl)amide (LiFTA), with a chemical
composition of Li[FSA], 35[FTA]o.e5, Which exhibits a reduced
melting point (76 °C) and high electrochemical stability.>*

In this study, we designed a model QSE system by combining
LATP with the SCIL described above, thereby providing Li'-
dominant transport in both phases. This material design mini-
mizes concentration polarization and allows ion-transport
properties of the composite electrolyte to be evaluated under
well-defined conditions. Furthermore, by comparing this system
with a composite incorporating a non-Li‘-conductive oxide and
the same SCIL, we examined how the presence of a Li*-conductive
solid phase affects ion-transport behavior in QSEs, beyond simple
percolation of the ionic liquid. This work provides a proof-of-
concept for QSE systems in which ion transport can be investi-
gated under concentration-gradient-free conditions, highlighting
the utility of SCIL-based electrolytes as model platforms for
fundamental studies of ion transport in composite electrolytes.

In this study, the QSEs were prepared by mixing LATP with
x wt% SCIL (x = 0, 1, 5, 10, 17, 25, 33, and 50) followed by hot
pressing at 90 °C (Fig. 1a). However, the sample containing
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Fig. 1 (a) Schematic illustration of the preparation of QSEs by mixing and

pressing LATP and SCIL (Li[FSAlo 35[FTAlg 6s). (b) and (c) Nyquist plots of
QSEs composed of LATP and x wt% SCIL measured at 90 °C: (b) x = 0, 1,
and 5; (c) x = 10, 17, 25, and 33. (d) lonic conductivity of QSEs and SCIL at
90 °C. Error bars represent standard deviations of three independent
measurements (N = 3). (e) Arrhenius plots of QSEs prepared by mixing
LATP with x wt% SCIL (x = 0-33). The data were collected during cooling
from 90 °C to 25 °C.

50 wt% SCIL failed to form a self-standing QSE and was there-
fore excluded from subsequent electrochemical measurements.

The thickness, volume, and porosity of the QSEs are sum-
marized in Table S1. Electrochemical impedance spectroscopy
(EIS) was performed at selected temperature steps. Specifically,
the sample was heated from 25 °C to 90 °C, cooled to —10 °C,
and finally returned to 25 °C, with 2 h equilibration at each
temperature (Fig. S1).

Fig. 1b and c show the Nyquist plots of the QSEs measured
at 90 °C. The LATP sample without SCIL exhibits low ionic
conductivity, which is attributed to the characteristics of unsin-
tered LATP systems, where inter-particle resistance dominates
ion transport.”” In the present system, the impedance response
is governed by inter-particle and grain boundary resistance, and
the bulk resistance could not be reliably separated due to the
absence of a clearly resolved high-frequency intercept. There-
fore, only the total resistance was used for conductivity
evaluation.

The ionic conductivity at 90 °C is summarized in Fig. 1d,
where error bars represent the standard deviation of three
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independent measurements (N = 3). The ionic conductivity of
the QSE with 33 wt% SCIL is 3.5 x 107> + 7.2 x 10°° S cem ™%,
which is comparable to that of SCIL alone (3.4 x 107> £ 9.5 x
10°® S em™ ') within experimental uncertainty. These results
indicate that the incorporation of LATP does not degrade the
intrinsic ionic conductivity of the SCIL. The ionic conductivity
values as a function of temperature are summarized in
Table S2.

A slight increase in conductivity at higher SCIL contents
cannot be excluded. However, the observed difference falls
within the experimental uncertainty and does not provide
conclusive evidence for a strong synergistic effect between the
SE and the SCIL. Instead, the conductivity enhancement rela-
tive to pristine LATP is primarily attributed to the formation of
continuous ion-conduction pathways mediated by the
SCIL phase.

Nevertheless, the ionic conductivity of the present QSE
remains lower than that of sintered LATP. This can be attrib-
uted to incomplete densification due to the absence of high-
temperature sintering and the lack of continuous, fast Li"
conduction pathways within the LATP phase. Instead, ion
transport is governed by non-ideal percolation through the
composite structure. The formation of a highly conductive
interfacial layer at the SE/IL interface may also be limited. In
contrast to sintered ceramics, the present system is designed to
enable mechanical formability without high-temperature pro-
cessing and improving ionic conductivity while maintaining
this advantage remains an important challenge for future work.

Fig. 1e presents the Arrhenius plots of ionic conductivity for
the LATP-SCIL QSEs together with that of a SiO,-SCIL compo-
site. A noticeable change in the apparent activation energy is
observed with increasing SCIL content in LATP-SCIL QSEs. At
low SCIL contents, ion transport is dominated by the inter-
particle resistance of LATP, resulting in lower activation energy.
With increasing SCIL content, the contribution of the SCIL
phase becomes more significant, resulting in higher activation
energy. This trend suggests a gradual transition in the domi-
nant ion transport pathways as the composition changes,
although the exact contributions of each pathway cannot be
quantitatively determined from the present data.

The Arrhenius plots of SiO,-based system exhibit pro-
nounced curvature, characteristic of Vogel-Tammann-
Fulcher-type behavior. Since SiO, is not a Li" conductor, ion
transport in this system is expected to occur mainly through the
SCIL phase and interfacial regions. In this system, the SCIL
content is 18 wt%, corresponding to a volume fraction of 20
vol%. This volume fraction is identical to that of the LATP-
based QSE with 17 wt% SCIL. In contrast, the LATP-SCIL QSEs
exhibit higher ionic conductivity under comparable conditions.
This difference suggests that ion transport in the LATP-based
QSEs cannot be fully explained by SCIL percolation alone, and
that the presence of a Li"-conductive solid phase influences the
overall transport behavior.

Although Li* transport in QSEs can proceed through multi-
ple pathways, including transport through the SCIL phase,
along solid-liquid interfaces, and potentially through the SE
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bulk, the present results do not allow a definitive identification
of the dominant pathway. However, the comparison with the
SiO,-based system indicates that contributions beyond simple
SCIL percolation are likely involved. Notably, the QSEs exhibit
enhanced ionic conductivity even below the melting point of
SCIL (76 °C), which may be associated with a supercooled state
of the SCIL phase.”*

The ionic conductivity increased with increasing SCIL con-
tent and reached the highest value at 33 wt%. A marked
increase was observed at SCIL contents of 17 wt% and above
compared to lower concentrations (0-10 wt%). Considering
both electrochemical performance and mechanical properties,
the QSE with 17 wt% SCIL exhibited improved conductivity
while maintaining good machinability and structural integrity.
Therefore, 17 wt% was selected as the representative composi-
tion for further characterization.

Fig. 2a shows changes in the thickness of the QSEs. Both
samples containing 0 and 17 wt% SCIL became thinner after
pressing at 90 °C, with a more pronounced reduction observed
for the 17 wt% sample. This behavior is attributed to SCIL
melting during hot pressing, leading to redistribution of SCIL
within the composite. The pellet thickness remained nearly
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Fig. 2 (a) Thicknesses of QSEs containing 0 and 17 wt% SCIL, prepared by
pressing at 25 °C, pressing at 90 °C, and pressing at 90 °C followed
by temperature-dependent EIS measurements at 25 °C - 90 °C —
—10 °C — 25 °C. (b) XRD patterns of (i) QSE (0 wt%, namely pure LATP),
(ii) SCIL (Li[FSAlp35[FTAlpes) and QSE (17 wt%) pressed under three con-
ditions: (1) at 25 °C with SCIL in the solid state, (2) at 90 °C, and (3) at 90 °C
after temperature-dependent EIS measurements at 25 °C — 90 °C. The
results confirm the absence of structural changes of LATP in the QSE after
hot pressing and subsequent EIS measurement. (c)—(e) Cross-sectional
SEM images and corresponding EDX mappings of the pellets in states
(1)-(3), respectively.
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unchanged after EIS measurements, indicating that the use of
the pre-measured thickness introduces negligible error in con-
ductivity calculations.

X-ray diffraction patterns (Fig. 2b) confirm that the crystal
structure of LATP remains unchanged after hot pressing,
indicating chemical stability. Peaks corresponding to solid-
state SCIL decreased after hot pressing, consistent with its
melting behavior. Differential scanning calorimetry (Fig. S3)
shows an endothermic peak corresponding to SCIL melting®’
without additional thermal events.

Scanning electron microscopy combined with energy-
dispersive X-ray analysis (Fig. 2c-e and Fig. S4-S6) reveals that
large Li-salt particles (>20 um) observed at 25 °C disappear
after hot pressing. In addition, F and S elements become
uniformly distributed. These results indicate that molten SCIL
spreads within the QSEs, fills voids, and contributes to
densification.

Fig. 3a shows the chronoamperogram of a Li/separator/QSE
(17 wt% SCIL)/separator/Li cell under 10 mV polarization at
90 °C. The corresponding Nyquist plots before and after polar-
ization are shown in Fig. 3b. Separators impregnated with SCIL
were used to isolate ion transport within the QSE from inter-
facial reactions with Li metal. The polarization current shows
minimal decay, indicating that the current is predominantly
sustained by Li" transport with negligible contribution from
concentration polarization. No significant increase in resis-
tance is observed after polarization, suggesting stable interfa-
cial behavior under the present conditions.

Related approaches using single-ion conducting polymers
combined with inorganic SEs have also been explored to
mitigate concentration gradients.”®>> However, these systems
typically involve more complex ion transport environments and
may not fully suppress concentration gradients. In contrast, the
present SCIL-based system enables investigation of ion trans-
port behavior under conditions where concentration polariza-
tion is effectively suppressed.

This study demonstrates a proof-of-concept QSE of an
oxide SE (LATP) and a Li-based SCIL, fabricated without
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Fig. 3 (a) Chronoamperogram of a Li/separator/QSE (17 wt% SCIL)/
separator/Li cell obtained under 10 mV polarization measured at 90 °C.
(b) The Nyquist plots acquired before and after polarization. The separators
were impregnated with SCIL.
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high-temperature sintering. The resulting QSEs exhibit ionic
conductivity comparable to that of SCIL and improving the
processability and mechanical integrity.

Comparison with a SiO,-SCIL system indicates that
ion transport in the LATP-based QSE cannot be fully
explained solely by simple SCIL percolation, suggesting a
contribution from the Li‘-conductive solid phase. DC polar-
ization measurements further suggest that concentration
polarization is suppressed under the present measurement
conditions.

Although the ionic conductivity remains lower than that of
sintered LATP,”**® this approach provides a model platform
for fundamental studies of ion transport in composite electro-
lytes. Future work should focus on improving SCIL conductiv-
ity, optimizing SE materials, and reducing interfacial
resistance. Moreover, a detailed understanding of ion transport
phenomena at the SCIL/SE interfaces is essential for rationally
designing high-performance QSEs.
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