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Mechanically Robust and Ion-Conductive Polyampholyte
Elastomers via Dimeric Ionic Bonding

Taebin Kim, Kyeong-Seok Oh, SeJung Oh, Jong Gun Jung, Gwanho Kim, Woojoong Kim,
Yeonji Kim, Jiwon Kim, Hyunseo Kang, Sang-Young Lee,* and Cheolmin Park*

The development of ionic materials with high ionic conductivity and
mechanical strength is challenging. This study presents a novel synthetic
strategy for the development of a mechanically robust and ionically
conductive polyampholyte elastomer based on ionic dimers (IDs) with strong
ionic bonds between imidazolium and sulfonate. Polymerization of ID
monomers with a network that forms a cross-linking moiety results in a novel
polyampholyte ID elastomer (IDE). The addition of lithium (Li) salts in the IDE
substantially enhances the ionic conductivity up to 0.82 mS cm−1 with a high
Li+ transference number (tLi+ ) of 0.79. The mechanical properties of the IDE
with Li salts are remarkable, with a tensile strength of 27.4 MPa and a Young’s
modulus of 211 MPa, outperforming previous polyampholyte elastomers. A
resistive-type iontronic sensor using the IDE exhibited excellent sensitivity
(gauge factor = 2.92) and reliable cycle performance (≈400 cycles) under
repetitive stress. The IDE serves as a polymer electrolyte in a pouch-type full
cell, showing stable capacity at a high current density of 1.0 C (corresponding
to 4.0 mA cm−2) under ambient conditions (25 °C, 0.2 MPa). This synthetic
strategy offers a new approach for designing ionic materials with high
conductivity and mechanical strength.
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1. Introduction

In recent decades, the importance of
polymer-based ionic materials has greatly
increased in the fields of soft robotics,[1,2]

ionic skin,[3−5] wearable electronics,[6,7] and
energy storage technologies.[8,9] Polymer-
based ionic materials require a range
of desirable properties, including trans-
parency, ionic conductivity, mechanical
strength, and electrochemical stability.
These materials play a significant role
in advanced applications, such as solid-
state batteries,[10,11] supercapacitors,[12,13]

wearable electronics,[14,15] and soft
actuators.[16,17] In particular, ionic gels
and elastomers, which are being devel-
oped for their long-term stability and high
performance in various applications, have
attracted significant attention because they
aim to achieve high ionic conductivity and
mechanical strength.[18,19]

However, current ionic elastomers face
several major limitations in terms of en-
hancing both their ionic conductivities and

mechanical properties. For instance, increasing the ion concen-
tration to improve the ionic conductivity leads to increased flexi-
bility of the polymer chains, resulting in a decrease in mechani-
cal strength. Conversely, introducing polar functional groups into
polymer chains not only enhances mechanical strength but also
strengthens the interactions between polymer chains, increasing
rigidity, raising the glass transition temperature, and ultimately
reducing ionic conductivity. These characteristics serve as ma-
jor factors limiting the performance in real applications such as
energy storage devices and iontronic products.[20] Therefore, an
innovative approach is required to simultaneously enhance the
ionic conductivity and mechanical strength.
Various strategies have been reported to overcome the trade-

off between ionic conductivity and mechanical strength in ionic
elastomers. Representative approaches include the precise con-
trol of phase separation between the ion transport domain
and the mechanical properties domain,[21−23] the regulation
of ionic conductivity through macromolecular structures,[24−26]

the formation of crosslinked networks via interactions between
3D network polymers and ions,[27−29] and the development
of polyampholytes, which utilize ionic bonding structures be-
tween polymer chains to enhance both mechanical strength
and ionic conductivity.[30,31] Polyampholyte research stands out
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compared with other material approaches because of the unique
supramolecular structure formed through inter- and intra-chain
ionic bond complexation.[30]

Polyampholyte elastomers are often developed by blending
ionic polymers with opposite charges, inducing ionic bonding
between the polymer chains and forming a double-stranded
ionic polymer structure.[31] This approach maintains mechani-
cal strength through electrostatic interactions between polymer
chains, while simultaneously exhibiting ionic conductivity ow-
ing to the presence of ionic charges subject to ion dissociation
and ion migration.[32] Reported polyampholytes with high ion
conductivity were fabricated with additional ion doping, mak-
ing them potentially suitable for various applications, including
strain sensors,[33−36] gel electrolytes,[37] and supercapacitors.[38]

Furthermore, their use as dielectric materials without additional
ion doping has been previously reported.[39−50] However, accord-
ing to previous research (summarized in Table S5, Support-
ing Information), most conductive polyampholytes exhibit high
stretchability but low mechanical strength. After blending the
ionic polymers, the counter-ions dissociated from each ionic
polymer may remain because of the low removal efficiency aris-
ing from the slow diffusion of ions. Additionally, the low ionic
bond energy in the polyampholyte is responsible for its low me-
chanical stability.
In this study, we present novel ionic dimers (IDs) with

strong ionic bonds between the imidazolium and sulfonate
groups. Subsequent copolymerization of the IDs with the cross-
linking moiety led to the development of a novel polyampholyte
ID elastomer (IDE) with high mechanical strength. A high
ionic conductivity of ≈0.82 mS cm−1 and a high Li+ transfer-
ence number (tLi+ ) of 0.79 were achieved by adding Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salts to the IDE,
where Li+ transport is facilitated with the ionic bonds in the
IDE. The IDE with LiTFSI possessed excellent mechanical prop-
erties, with a tensile strength of 27.4 MPa and a Young’s mod-
ulus of 211 MPa. The mechanically robust and conductive IDE
with LiTFSI served as a resistive-type iontronic sensor, effectively
responding with high sensitivity (gauge factor = 2.92) and main-
taining a stable resistance under deformation (≈ 400 cycles). Ad-
ditionally, the IDE serves as a polymer electrolyte in a pouch-type
all-solid-state battery (ASSB), exhibiting stable capacity at a high
current density of 1.0 C (corresponding to 4.0 mA cm−2) under
ambient conditions (25 °C, 0.2 MPa).

2. Result and Discussion

2.1. Preparation of IDEs and Physical Properties of IDs

To synthesize an ionic bond-based dimer in the monomeric
state, counter ions were removed through a precipitation reac-
tion by mixing cationic and anionic monomers (Figure 1a). As
shown in Figure S1 (Supporting Information), the precipitated
KBr salt generated from the mixture of cationic monomer (1–[2–
acryloyloxyethyl]–3–butyl imidazolium bromide, [AEBI]Br) and
anionicmonomer (3-sulfopropyl acrylate potassium salt, K[SPA])
was effectively removed (≈99%) because acetonitrile is a poor
solvent in KBr salt, resulting in a high-purity product (yield =
98.38%). As shown in Figure S2 (Supporting Information), the
chemical structure of ID was characterized using 1H nuclear

magnetic resonance (1H NMR) and 13C nuclear magnetic reso-
nance (13C NMR). The synthesized ID was then used to prepare
an IDE through a copolymerization reaction that involvedmixing
a photo initiator and a chemical crosslinking agent (Figure 1a).
Polymerization from ID to IDE was confirmed by the disappear-
ance of the peak associated with the acrylate group in 1H NMR
(Figure S3, Supporting Information).[51]

To calculate the ionic dissociation constant (𝜉) of the synthe-
sized ID, the absolute diffusion coefficients shown in Figure 1b
were used as input for the Nernst-Einstein equation, as detailed
in the Electrochemical Characterization section of the Experi-
mental Methods. More specifically, the 𝜉 value was determined
by using both electrochemical impedance spectroscopy (EIS)
and pulsed-field gradient nuclear magnetic resonance (PFG-
NMR).[52] First, 𝜉 is estimated by using the ionic conductivity
(𝜆EIS) measured from EIS and the molar conductivity (ΛNE) ob-
tained from PFG-NMR. EIS is a fast experimental method for
measuring the ionic conductivity of a system, and the conduc-
tivity measured using this method only includes the conduc-
tivity contributed by “free ions.” Conversely, PFG-NMR mea-
sures the average self-diffusion coefficients (D+ and D−) of ions
without distinguishing ion pairing or aggregation, which can
be used to calculate ΛNE. In this case, 𝜆EIS was measured to be
0.0549 mS cm−1, and the molar concentration of ID per unit vol-
ume (CIL) was 0.95 × 10−3 mol cm−3. Using the Nernst-Einstein
equation, the calculated ΛNE was 6.39 × 1034 e2 s kg−1 mol−1. As
a result, the 𝜉 value was calculated to be 0.0035 (Figure S4c and
Table S1, Supporting Information), indicating that this very low
𝜉 value corresponds to a high degree of ionic bonding at room
temperature, supporting the conclusion that a low 𝜉 value corre-
sponds to strong ionic bonding between the ionic species.[52]

To analyze the degree of ID polymerization without the chem-
ical crosslinking agent (poly(ethylene glycol) diacrylate (PEGDA)
(Figure 1c)), the molecular weight and polymer dispersity index
(PDI) were measured by gel permeation chromatography (GPC).
The molecular weight of the ID samples polymerized without
a chemical crosslinking agent (Mn: number-average molecular
weight, Mw: weight-average molecular weight, Mz: maximum-
average molecular weight) is ≈2733, 5815, and 12 346 g mol−1,
respectively, and the PDI was measured at 2.127.
As shown in Figure 1d and Figure S5 (Supporting Informa-

tion), the glass transition temperatures (Tg) of the gels polymer-
ized with PEGDA using the cationic monomer ([AEBI]Br) and
the anionic monomer (K[SPA]) were measured using differen-
tial scanning calorimetry (DSC) and were found to be 1 and
−48 °C, respectively. In contrast, the Tg of the IDE polymerized
with PEGDA is 47 °C. The high Tg of the IDE, which differs from
the expected intermediate value between the Tg of the [AEBI]Br
gel and the K[SPA] gel[53] is attributed to the restrictedmovement
of the polymer chains due to the strong ionic bonding within the
IDE.

2.2. Ionic Transport Properties of IDEs

As shown in Figure S6 (Supporting Information), IDE/LiTFSI
was synthesized by introducing a LiTFSI salt into an ID solu-
tion containing PEGDA, a photo initiator, and a solvent, followed
by analysis of its thermal and physical properties. The LiTFSI
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Figure 1. Preparation of IDEs and the physical properties of IDs. a) Schematic of the preparation process and structure of IDEs. The ionic monomers
[AEBI]Br and K[SPA] are mixed and stirred at 70 °C for 24 h. The counter ion of Br– and K+ is extracted by a precipitation reaction, and the obtained
[AEBI][SPA] dimer is polymerized into IDEs through UV curing with a crosslinking agent. b) The 1H self-diffusion coefficients of [SPA]– and [AEBI]+ ionic
monomers with PFG-NMR equipment at 25 °C. Inset: Chemical structure of [SPA]– and [AEBI]+ ionic monomers. c) GPC elution curve of polymerized
ID sample with deionized water as the solvent and poly(ethylene glycol)/poly(ethylene oxide) (PEG/PEO) as the standard. d) Tg with DSC heating curve
of [AEBI]Br, K[SPA], and IDE.

salt was incorporated based on the molar ratio of ID, where the
molar ratio of LiTFSI (Y mol) to ID (X mol) was denoted as
IDE/LiTFSI_X/Y (mol/mol) (Table 1).
As shown in Figure S7 (Supporting Information), the IDE

sample exhibited ≈68% transparency, which is attributed to the
ionic bonding within its amorphous structure. Additionally, the
IDE/LiTFSI_1/2 sample showed an increased transparency of
≈80% (both IDE and IDE/LiTFSI_1/2 samples have a thickness

of 500 μm). The thermal stability of IDE and IDE/LiTFSI_1/2 in
ethanol was evaluated using thermogravimetric analysis (TGA)
under a nitrogen atmosphere over a temperature range of
30−400 °C. Results indicated that IDE and IDE/LiTFSI_1/2
exhibited high thermal stability, with decomposition temper-
atures of ≈275 and 310 °C, respectively, and retained ≈5%
residual solvent content up to 150 °C (Figure S8, Supporting
Information).
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Table 1. Composition of the ID and LiTFSI used in this study.

Sample Code
[IDE/LiTFSI_X/Y]

Molar Ratio
[X/Y = ID/LiTFSI]

LiTFSI content
[wt. %]

Physical
state

IDE/LiTFSI_8/1 8:1 8.625 Solid

IDE/LiTFSI_4/1 4:1 17.25 Solid

IDE/LiTFSI_1/1 1:1 69 Solid

IDE/LiTFSI_1/2 1:2 138 Solid

To further investigate the Tg values of IDE and
IDE/LiTFSI_X/Y, DSC was performed. As shown in Figure
S9 (Supporting Information), IDE exhibits a Tg of 47 °C, which
is attributed to the strong ionic bonding within the polymer
matrix (Figure 1d). As the concentration of LiTFSI increased,
the plasticizing effect of the salt increased the flexibility of
the polymer chain, resulting in a progressive decrease in Tg.
Specifically, the Tg of IDE/LiTFSI_X/Y decreases to 23, 5, −7,
and −19 °C, respectively, as the LiTFSI content increases,
demonstrating a clear trend of reduced Tg with higher LiTFSI
composition.
To investigate the physicochemical interactions between the

internal components resulting from the incorporation of LiTFSI
into the IDE, attenuated total reflection Fourier transform in-
frared (ATR FT-IR) spectroscopy was performed. As shown in
Figure 2a, the imidazole stretching and sulfonate symmetric
stretching peaks of IDE appear at 1564 and 1034 cm−1, re-
spectively (Figure S10, Supporting Information).[54,55] With in-
creasing LiTFSI concentration, these peaks shift toward higher
wavenumbers (blue shift), indicating strong interactions be-
tween the imidazole···TFSI− and sulfonate···Li+ pairs. The
pronounced interactions between the ionic bond network of
IDE and the incorporated LiTFSI can be attributed to: (i)
the high ion dissociation efficiency of LiTFSI and (ii) the
enhanced Li+ transport facilitated by the interactions with
TFSI−.
The ionic conductivity of IDE/LiTFSI_X/Y was measured to

be 0.059, 0.076, 0.820, and 0.480 mS cm−1, respectively, with in-
creasing LiTFSI compositions (Figure 2b). A decrease in con-
ductivity was observed for IDE/LiTFSI_1/2. PFG-NMRmeasure-
ments further elucidated the relationship between the LiTFSI
content and self-diffusion coefficients of Li+ (Figure 2c; Figure
S11, Supporting Information). Self-diffusion coefficients are pre-
sented as mean ± S.E.M. (n = 3). Statistical significance was as-
sessed using the Kruskal-Wallis H-test. Exact p-values are pro-
vided in Table S2 (Supporting Information). The self-diffusion
coefficients for IDE/LiTFSI_X/Y were recorded as 1.548, 3.540,
9.232, and 7.655 cm2 s−1, respectively, showing a trend that
matches the ionic conductivity data in Figure 2c. However, in
IDE/LiTFSI_1/2, excessive LiTFSI content relative to the poly-
mer chains impedes ion transport, resulting in reduced Li+ self-
diffusion coefficients and lower ionic conductivity. These results
highlight the importance of balancing the LiTFSI content and
polymer structure to optimize performance.
This result highlights the role of IDE in stabilizing the dis-

persion state of IDE/LiTFSI_1/1. X-ray diffraction (XRD) anal-
ysis (Figure 2d) further supported these findings, as no sig-
nificant crystalline peaks were observed in the XRD pattern

of IDE/LiTFSI_1/1, whereas two distinct peaks at 24.68° and
28.53° appeared in the XRD spectrum of IDE/LiTFSI_1/2, cor-
responding to the crystalline LiTFSI domains. These results col-
lectively demonstrate that the optimized IDE structure promotes
the uniform dispersion and enhanced dissociation of LiTFSI in
IDE/LiTFSI_1/1, further strengthening its potential as an ad-
vanced polymer electrolyte. The electrochemical performance of
IDE/LiTFSI as a polymer electrolyte for ASSB applications was
systematically evaluated, focusing on the correlation between the
ion-bonding-based polymer chain structure of the IDE and its ion
transport properties.
Meanwhile, dimethylformamide (DMF) has been used as an

alternative solvent for IDE/LiTFSI to mitigate the electrochem-
ical instability induced by ethanol[56] and reduce its reactivity
with the Li metal anode in ASSBs.[57,58] IDE/LiTFSI_1/1 pre-
pared using DMF exhibited an ionic conductivity comparable
to that of ethanol-based IDE/LiTFSI_1/1 (Figure S12, Support-
ing Information). No noticeable differences were observed in
the glass transition temperature (Tg) and residual solvent con-
tent (Figures S8,S9,S13, and S14, Supporting Information), in-
dicating that the solvent type had minimal impact on the final
ion transport framework after solvent removal. In contrast, vary-
ing the ID:LiTFSI molar ratio induced systematic and correlated
changes in ionic conductivity (from 0.059 to 0.820 mS cm−1)
(Figure 2b), Tg (Figures S9 and S14, Supporting Information),
andmechanicalmodulus (to be further discussed in Figure 3), re-
flecting a composition-driven structural evolution. Although the
magnitude of ion conductivity changes induced by solvent and
composition tuning may appear similar, their mechanistic ori-
gins are fundamentally different. Solvent variation exerts a negli-
gible effect after solvent removal, whereas compositional tuning
alters the polymer network architecture and associated ion trans-
port properties.
The single-ion (Li+) conduction behavior of IDE/LiTFSI_1/1,

which exhibited the highest ionic conductivity (0.820 mS cm−1),
was assessed bymeasuring tLi+ at room temperature using poten-
tiostatic polarization. IDE/LiTFSI_1/1 exhibited a high tLi+ value
of 0.79 (Table S3, Supporting Information), demonstrating the
predominant contribution of Li+ to ionic conductivity. Notably,
this tLi+ value is significantly higher than those of previously re-
ported elastomeric ionic conductors (Figure 2e), highlighting the
viability of the ionic bonding structure of IDE and the immobi-
lization of TFSI− ions via imidazole groups (Figure 2a).
Further analysis using aWalden plot (Figure 2f) was conducted

to investigate the ion transport efficiency influenced by the ionic
bonding structure of the IDE. Additionally, the relationship be-
tween molar conductivity (Ʌ) and glass relaxation time (𝜏g) was
examined.[59] The Walden plot of IDE/LiTFSI_1/1 lies above the
ideal Walden behavior line, indicating that the ionic bonding
structure within the polymer chains of the IDE enhances ion
transport. Notably, the IDE/LiTFSI_1/1 exhibited superionic con-
duction behavior, comparable to that of (AgI)0.5–(AgPO3)0.5, with
𝜏g ≈100 times faster than that of conventional PEO-based elec-
trolytes at 25 °C. The detailed procedure for extracting 𝜏g val-
ues via the time-temperature superposition method is described
in Figure S15 (Supporting Information). For comparison, previ-
ously reported data for PEO9LiTFSI, PEO12LiTFSI, and superi-
onic ceramic (AgI)0.5–(AgPO3)0.5 electrolyte were used.

[60,61] This
result suggests that the ion transport in IDE, facilitated by the

Adv. Mater. 2025, e08670 e08670 (4 of 13) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202508670 by Y
onsei U

niversity L
ibrary, W

iley O
nline L

ibrary on [31/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 2. Properties of ionic behavior in IDEs. a) The FT-IR spectra of IDE and IDE/LiTFSI (Imidazole ring stretching peak: 1562 cm−1, SO3
– sym-

metric stretching peak: 1036 cm−1). b) Temperature dependence of ionic conductivity (𝜎) and activation energy (Ea) for IDE/LiTFSI_X/Y. c)
7Li+

diffusion coefficient of IDE/LiTFSI_X/Y through PFG-NMR. Data are presented as mean ± S.E.M. (n = 3). Statistical significance was assessed
using the Kruskal-Wallis H-test. Exact p-values are provided in Table S2 (Supporting Information). d) XRD profiles of the IDE/LiTFSI_1/1 (vs
IDE/LiTFSI_1/2). e) Time-dependent current profiles of IDE/LiTFSI_1/1. Inset: EIS profiles for the Li||Li symmetric cell at 10 mV polarization of
IDE/LiTFSI_1/1. f) Walden plot showing Ʌ to 𝜏g of IDE/LiTFSI_1/1. The data of PEO9LiTFSI (from 25 to 65 °C), PEO12LiTFSI (from −35 to −5 °C)
and (AgI)0.5–(AgPO3)0.5 are taken from the literature,[60,61] and the solid line represents an ideal Walden line with a slope of 1. Copyright 2022. Re-
produced with permission from the Royal Society of Chemistry.[60] Copyright 2022. Reproduced with permission from WILEY.[61] g) LSCM surface
topography images of the IDE/LiTFSI_1/1. h) The large-area and stretched photograph of IDE/LiTFSI_1/1. i) Schematic illustration of ion dissociation
and ion migration through the effect of ion bonding channels.

ionic bonding structure between the polymer chains, is funda-
mentally different from that of conventional polymer electrolytes,
where ion transport is primarily governed by segmental polymer
motion.
To investigate the effect of the IDE/LiTFSI precursor state on

the dispersion uniformity of the IDE/LiTFSI_1/1, laser scanning
confocal microscopy (LSCM) analysis, which can map the sur-
face roughness, was conducted. The deviation in the height of
the IDE/LiTFSI_1/1 over the wide range of the scanned area was
negligible due to its well-dispersed precursor state (Figure 2g).
As shown in Figure 2h, IDE/LiTFSI_1/1 can be fabricated into
large-area films (3 × 5 cm2) while retaining its elastomeric prop-

erties, which allows for substantial stretchability. As illustrated
in Figure 2i, the ionic bonding structure of the IDE enables high
ion dissociation and efficient ion migration through interac-
tions with LiTFSI, further validating its enhanced ion transport
properties.

2.3. Mechanical Properties of IDEs

Figure 3 investigates the effect of the strong bonding strength
of the ionic bonding structure in the IDE on its mechani-
cal properties and evaluates the mechanical performance with
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Figure 3. Mechanical properties of IDEs and comparison with other reported polyampholytes. a) Tensile stress-strain curves of IDE/LiTFSI_X/Y.
b) Comparison of the corresponding calculated Young’s modulus and toughness of IDE/LiTFSI_X/Y. Data are presented as mean ± S.E.M. (n = 3).
Statistical significance was assessed using the Kruskal-Wallis H-test. Exact p-values are provided in Table S4 (Supporting Information). c) Photograph
of the IDE/LiTFSI_1/1 that can lift a 5 kg weight (IDE/LiTFSI_1/1 size: 4.0 × 1.5 × 0.2 cm3). d) G’ and G’’ of IDE/LiTFSI_8/1 and IDE/LiTFSI_1/2 in
the frequency range of 0.1–100 Hz. e) Tensile stress-strain curves of notched samples of IDE/LiTFSI_8/1 (linear notch, 20% of specimen width). f)
Compression loading curves of IDE/LiTFSI_X/Y (compression strain of 80%). Comparison of mechanical and ionic conductive properties of IDE/LiTFSI
with reported polyampholyte, polyampholyte containing dielectric gel or ionic gel, including g) Young’s modulus and tensile strength, h) toughness and
tensile strength, and i) Young’s modulus and ionic conductivity. The number assigned to each symbol corresponds to the serial number in Table S5
(Supporting Information).

varying LiTFSI salt content. As shown in Figure 3a, the ten-
sile strength of IDE/LiTFSI_8/1, 4/1, 1/1, and 1/2 decreased
as the LiTFSI salt content increased, with values of 41.2, 28.7,
27.4, and 12.1 MPa, respectively. Furthermore, stretchability in-
creased by 16%, 57%, 66%, and 100%, respectively. Increasing
the LiTFSI salt content enhanced the flexibility of the polymer
network, resulting in reduced mechanical properties. Despite
the increase in LiTFSI salt content, the strong ionic bonding
structure of the IDE retained its excellent mechanical proper-
ties. Additionally, the Young’s modulus of IDE/LiTFSI_8/1, 4/1,
1/1, and 1/2 was calculated to be 753, 243, 211, and 99 MPa,
respectively, while the toughness was measured as 5, 14, 11,
and 9 MJ m−3, respectively (Figure 3b). Mechanical properties
(Young’s modulus, toughness, tensile strength, and stretchabil-
ity) are presented as mean ± S.E.M. (n = 3). Statistical signif-

icance was assessed using the Kruskal-Wallis H-test. Exact p-
values are provided in Table S4 (Supporting Information). The
IDE/LiTFSI materials exhibit a general plasticizing effect upon
the incorporation of Li salt, indicating the potential for tunable
mechanical properties. In particular, the IDE/LiTFSI_8/1 sam-
ple showed a Tg of 23 °C in Figure S9 (Supporting Informa-
tion), which is close to room temperature and leads to brittle
behavior with low toughness. In contrast, the IDE/LiTFSI_4/1
sample exhibited a significantly lower Tg of ≈5 °C, resulting in
enhanced stretchability despite a moderate reduction in tensile
strength, resulting in a marked increase in overall toughness.
These findings indicate that the strong inter- and intra-chain
ionic bonding network of IDE is retained upon LiTFSI addition,
enabling controlled tuning ofmechanical strength in IDE/LiTFSI
systems.

Adv. Mater. 2025, e08670 e08670 (6 of 13) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3c demonstrates the excellent mechanical properties
of IDE/LiTFSI_1/1 using a 5 kg weight. Figure 3d and Figure
S16 (Supporting Information) show the results of variable-
frequency rheology tests measuring themechanical properties of
IDE/LiTFSI_X/Y in the frequency range of 0.1–100 Hz. Within
this frequency range, IDE/LiTFSI_X/Y exhibited storage mod-
ulus (G’) and loss moduli (G’’), demonstrating a stable ionic
bonding structure even with the addition of LiTFSI. Strong ionic
bonding between the polymer chains makes IDE highly resis-
tant to crack propagation. This ionic bonding structure effec-
tively relieves stress concentration at the crack tips. As shown in
Figure 3e, notched IDE/LiTFSI_8/1 demonstrated excellent re-
sistance to crack propagation, withstanding up to 60% of max-
imum stretchability. Furthermore, the fracture energy (Γ) of
IDE/LiTFSI_8/1 was 93 kJ m−2, which is comparable to that
of zinc alloys (<100 kJ m−2), titanium alloys (<110 kJ m−2),
and other reported materials.[62,63] Figure S17 (Supporting In-
formation) presents the notched IDE/LiTFSI_8/1, further prov-
ing its low sensitivity to crack propagation. Figure 3f shows
the compressive strength test results of IDE/LiTFSI_X/Y. Com-
pressive strength was measured up to a compressive strain
of 80%, which showed a similar trend to the tensile test re-
sults. As the LiTFSI content increased, the compressive strength
decreased.
Figures 2 and 3 demonstrate the correlation between the ionic

behavior and mechanical properties of IDE/LiTFSI. The strong
ionic bonding structure of the IDE enhances ion dissociation
and ion mobility, while maintaining ionic interactions between
polymer chains to improve mechanical properties. Compared to
previous polyampholyte-based studies that aimed to achieve both
ionic conductivity and mechanical performance using dielectric
or ionic gels, this system exhibits clear advantages in terms of
both mechanical strength and ionic conductivity (Figure 3g–i;
Table S5, Supporting Information). More details are provided
in Figure S18a–c (Supporting Information). In particular, the
Young’s modulus and ionic conductivity of the polyampholyte
outperformed previously reported values, further confirming its
excellent mechanical properties and ionic conductivity. Addi-
tionally, compared with previously reported ionic tough elas-
tomers, IDE/LiTFSI demonstrated superior performance (Figure
S18d–h, Supporting Information and Table S5, Supporting
Information).

2.4. Adhesive Properties of IDE/LiTFSI

The ionic bonding structure of IDE/LiTFSI_X/Y enables ad-
hesion to various substrates by simply attaching the sample
to the substrate to form a contact. Strong adhesion to vari-
ous substrates is crucial for the stability, durability, and devel-
opment of noninvasive devices in the iontronic field.[64] Ad-
ditionally, it is a critical material property for ensuring elec-
trode adhesion stability in energy storage devices, particularly
in battery research, and for advancing flexible solid-state battery
technologies.[65]

The IDE/LiTFSI_8/1 sample demonstrated robust adhesion
to glass, polyethylene terephthalate (PET), copper (Cu), and alu-
minum (Al) substrates without any surface pretreatment or
modification (Figure 4a), and its adhesion strength was eval-

uated through a 180° lap shear test. To further validate adhe-
sion performance, IDE/LiTFSI_X/Y samples were tested with
various substrates (Figure 4b; Figure S19, Supporting Informa-
tion). The photograph on the right side of this figure shows the
IDE/LiTFSI_X/Y sample adhered to a glass substrate, success-
fully supporting a 2 kg weight. Figure 4c presents the adhe-
sion strengths of IDE/LiTFSI_X/Y samples on glass, PET, Cu,
and Al substrates, among which the IDE/LiTFSI_8/1 sample
exhibited the highest adhesion strength of 320 kPa on glass.
Adhesion strengths are presented as mean ± S.E.M. (n = 3).
Statistical significance was assessed using the Kruskal-Wallis
H-test. Exact p-values are provided in Table S6 (Supporting
Information).
In Figure 4d, the peeling forces between IDE/LiTFSI_X/Y

samples and various substrates were measured using a 90 ° peel-
ing test (Figure S20, Supporting Information). To limit crack tip
deformation in IDE/LiTFSI_X/Y samples, a rigid PET film with
a thickness of 300 μm was attached. Among the tested combi-
nations, the IDE/LiTFSI_8/1 sample displayed a peeling force
per width ranging from 300–900 N m−1 on glass, indicative of
excellent adhesion performance. Peeling forces are presented as
mean ± S.E.M. (n = 3). Statistical significance was assessed us-
ing the Kruskal-WallisH-test. Exact p-values are provided in Table
S7 (Supporting Information). Figure 4e illustrates the peeling
process of the IDE/LiTFSI_8/1 sample from the glass substrate.
Figure 4f shows the adhesion mechanisms of IDE on various
substrates through three types of interactions. In IDE, sulfonate
groups form coordination bonds with metal atoms, and the im-
idazole groups engage in electrostatic interactions with glass,
thereby causing ion-dipole interactions with PET. These interac-
tions confirm the strong adhesion performance of the IDE with
different substrates.

2.5. Resistive-Type Iontronic Sensors with IDE/LiTFSIs

Figure 5a shows a schematic of resistive-type iontronic sensors
with IDE/LiTFSI_X/Y for strain sensing. As shown in Figure 5b,
the initial resistance value of the IDE/LiTFSI_X/Y sensors ex-
hibits a similar trend to the ionic conductivity behavior analyzed
in Figure 2c. The initial resistances are presented as mean ±
S.E.M. (n = 3). Statistical significance was assessed using the
Kruskal-Wallis H-test. Exact p-values are provided in Table S8
(Supporting Information). An IDE/LiTFSI_1/1 sensor exhibited
the lowest resistance at 12 kΩ due to its excellent ionic conduc-
tivity. Figure S21 (Supporting Information) shows a schematic of
the stability analysis of a resistive-type iontronic sensor by utiliz-
ing the weight-bearing properties of the IDE/LiTFSI_X/Y sensor
(IDE/LiTFSI_X/Y size: 2.0× 1.0× 0.1 cm3). The IDE/LiTFSI_X/Y
sensor was covered with glass, and when a 5 kg weight was
placed on top (Figure S21, Supporting Information), resistance
did not change after 1 h (Figure 5c), indicating the stability of the
resistive-type iontronic sensor.
The IDE/LiTFSI_1/2 sensor, with the highest stretchabil-

ity (100%), is suitable for resistive-type iontronic sensors,
and its strain-sensing performance under deformation was
investigated. When IDE/LiTFSI_1/2 was stretched, its cross-
sectional area decreased, resulting in a significant increase
in resistance. The resistance changes (ΔR/R0) of the resistive

Adv. Mater. 2025, e08670 e08670 (7 of 13) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Adhesive property of IDE/LiTFSI_X/Y. a) Strong adhesion photograph of glass, Al, PET, and Cu substrates with IDE/LiTFSI_8/1. b) Schematic
of the lap-shear test process and photographic demonstration of the high lap-shear strength to lift a weight of 2 kg (IDE/LiTFSI_8/1). c) Maximum
adhesion strength-displacement plot data obtained from the lap-shear tests of IDE/LiTFSI_X/Y (IDE/LiTFSI_X/Y size: 2.0 × 2.0 × 0.1 cm3) adhered to
different substrates. Data are presented as mean ± S.E.M. (n = 3). Statistical significance was assessed using the Kruskal-Wallis H-test. Exact p-values
are provided in Table S6 (Supporting Information). d) Force-displacement plot data obtained from the 90° peeling test of IDE/LiTFSI_X/Y adhered to
various substrates. Data are presented as mean ± S.E.M. (n = 3). Statistical significance was assessed using the Kruskal-Wallis H-test. Exact p-values are
provided in Table S7 (Supporting Information). e) Photographs of the sample during the 90 ° peeling test. f) Schematic adhesion mechanism between
IDE/LiTFSI_X/Y and the substrates.

sensors were monitored within the strain range of 0%–100%.
The gauge factor (GF), defined as the relative change in resis-
tance with respect to the applied strain, can be used to evaluate
sensor sensitivity. In Figure 5d, GF values of IDE/LiTFSI_1/2
in the strain ranges of 0%–14%, 14%–56%, and 56%–100%
were 2.17, 2.92, and 1.69, respectively, indicating high sensi-
tivity of the strain sensors prepared from IDE/LiTFSI_1/2. In
cyclic stretch and release tests in the strain range of 20%–80%
(Figure 5e), the IDE/LiTFSI_1/2 sensor exhibited accurate and
reversible resistance responsiveness. IDE/LiTFSI_1/2 could de-
tect stress across a wide range of strains and maintain resis-
tance stability even after 400 cycles of stretching (Figure 5f).
As a result, IDE/LiTFSI exhibited reversible and high resistance
changes along with mechanical stability, demonstrating its suit-
ability for stable iontronic applications under practical operating
conditions.

2.6. Application of IDE/LiTFSI to ASSBs

The feasibility of IDE/LiTFSI_1/1 as a solid electrolyte was
evaluated using a Li||Li-symmetric cell at a current density of
1.0 mA cm−2 and a capacity of 1.0 mAh cm−2 (Figure 6a). Under
these operating conditions, IDE/LiTFSI_1/1 exhibited a stable
and reliable Li plating/stripping cycling behavior owing to its im-

proved Li+ conduction and superior mechanical strength. To pro-
vide additional evidence, we examined the structural changes of
the Limetal anode before and after a repeated Li plating/stripping
test (100 h). The IDE/LiTFSI_1/1 electrolyte resulted in a nodu-
lar, dense, and uniform surface morphology on the Li metal
anode (Figure S22, Supporting Information), suggesting that
IDE/LiTFSI_1/1 facilitated homogeneous Li+ flux toward the an-
ode whilemitigating interfacial side reactions.[66,67] Furthermore,
as shown in Figure 4, the strong interfacial adhesion properties
of IDE/LiTFSI_1/1 are expected to suppress dendritic Li growth
by ensuring intimate and stable contact with the Li metal anode.
The stable cyclability of the IDE/LiTFSI_1/1-based cell was con-
firmed using EIS analysis (Figure 6b). A slight increase in cell re-
sistance was observed during the cycling test, with the SEI resis-
tance (RSEI) increasing from62.24 to 80.23Ω (after 100 h), and the
charge transfer resistance (RCT) increasing from 14.2 to 16.3 Ω
(after 100 h) (Table S9, Supporting Information). The ASSB with
the IDE/LiTFSI_1/1 exhibited a decent discharge rate capability
at various current densities ranging from 0.2 to 2.0 C (Figure S23,
Supporting Information). These results demonstrate the poten-
tial of IDE/LiTFSI_1/1 as a promising polymer electrolyte for Li-
metal anodes.
To explore the practical applicability of IDE/LiTFSI_1/1, a full-

cell pouch-type all-solid-state battery (ASSB) was fabricated in
which IDE/LiTFSI_1/1 functioned as both an ion-conducting

Adv. Mater. 2025, e08670 e08670 (8 of 13) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Resistive-type iontronic sensor for strain sensing properties of the IDE/LiTFSI sensor. a) Schematic of the resistive-type iontronic sensor for
strain sensing. b) Electrical initial resistance plotting of IDE/LiTFSI_X/Y. Data are presented as mean ± S.E.M. (n = 3). Statistical significance was
assessed using the Kruskal-Wallis H-test. Exact p-values are provided in Table S8 (Supporting Information). c) The IDE/LiTFSI_X/Y samples show stable
resistance behavior for 1 h under a 5 kg load. d) GF at various tensile strains, reflecting the sensitivity of the sensor to external forces. e) Resistance change
responses of a resistive-type iontronic sensor based on IDE/LiTFSI_1/2 during continuous tensile deformation. f) Stable cyclic resistance changes of a
resistive-type iontronic sensor based on IDE/LiTFSI_1/2 under loading–unloading cycles at 20% deformation over 400 cycles.

separator membrane and a solid catholyte. The full cell con-
sisted of an IDE/LiTFSI-embedded NCM811 cathode (areal ca-
pacity of 4.0 mAh cm−2, comparable to commercial Li-ion battery
cathodes[68]) ||Li-metal anode (areal capacity of 4.0 mAh cm−2,
negative (N)/positive (P) capacity ratio = 1.0). The cell with the
IDE/LiTFSI_1/1 exhibited good rate capability across discharge
current densities ranging from 0.2 (= 0.8 mA cm−2) to 2.0 C
(Figure S23, Supporting Information). Under practical operating
conditions (25 °C, 0.2 MPa), the cell exhibited stable cycling per-
formance, retaining 88.1% of its initial capacity after 100 cycles at
a high current density of 1.0 C (corresponding to 4.0 mA cm−2),
(Figure 6c). Moreover, at an elevated temperature of 60 °C,
the cell maintained a capacity retention of 91.0% after 100 cy-
cles (Figure S24, Supporting Information), indicating the excel-
lent thermal and electrochemical stability of the IDE/LiTFSI_1/1
electrolyte.
A key limitation of ASSBs that use inorganic solid electrolytes

is their inherent mechanical stiffness,[69,70] which limits their
practical application in flexible energy storage systems. In con-
trast, the use of IDE/LiTFSI_1/1, a highly deformable polymer
electrolyte, enabled physical flexibility in ASSBs (Figure S25,
Supporting Information), which is due to the monolithic in-
tegration of cell components through in situ polymerization.
To quantitatively investigate the mechanical flexibility of the
ASSB, a pouch-type cell (dimensions: 2.0 × 2.0 cm2, capacity:
4.0 mAh cm−2) was fabricated and subjected to repeated bending
cycles. The cell maintained stable charge/discharge profiles and
cycling performance under practical operating conditions even
after 100 bending cycles (bending radius: 5 mm, deformation

rate: 30 mm min−1) (Figure 6d). Additionally, the ASSB success-
fully powered an LED lamp after multiple bending cycles, further
demonstrating its mechanical resilience (inset of Figure 6d).
Although inorganic solid electrolytes have been extensively

studied for use in ASSBs, recent reports have raised concerns
about the safety of ASSBs incorporating these electrolytes.[71,72]

To assess the flame-retardant performance of IDE/LiTFSI_1/1
as an alternative solid electrolyte, a cone calorimeter test
was conducted (Figure S26, Supporting Information). The
IDE/LiTFSI_1/1 exhibited a low peak heat release rate (PHRR)
of 54.3 kW m−2 and a total heat release (THR) of 2.63 MJ m−2,
indicating its inherently reduced flammability compared to con-
ventional polymer-based electrolytes.[73,74] Also, to evaluate the
safety performance of an ASSB containing IDE/LiTFSI_1/1, a
safety test was performed by horizontally cutting the cell in half.
Remarkably, the ASSB continued to power the LED lamp with-
out explosion or structural disintegration (inset of Figure 6e).
Moreover, the cut cell maintained its functionality even when
exposed to an open flame (Figure 6e), demonstrating the ther-
mal stability and nonflammability of the IDE/LiTFSI_1/1.
These results highlight the potential of IDE/LiTFSI_1/1
as a viable alternative to conventional inorganic solid
electrolytes.

3. Conclusion

In summary, we demonstrated a novel IDE system that effec-
tively integrates high ionic conductivity with superior mechan-
ical robustness, thereby addressing critical challenges in the
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Figure 6. Energy storage application of the IDE/LiTFSI_1/1 to ASSBs composed of Li-metal anodes. a) Voltage profiles of the Li||Li symmetric cells with
IDE/LiTFSI_1/1 at a current density of 1.0 mA cm−2 and a capacity of 1.0 mAh cm−2. b) EIS spectra of Li||Li symmetric cells with the IDE/LiTFSI_1/1
after 1 and 100 cycles. c) Cycling performance of the pouch-type cell (length × width = 2 × 2 cm2) at a charge/discharge current density of 1.0 C
(=4 mA cm−2)/1.0 C and a voltage range of 3.0–4.3 V at 25 °C. d) Charge/discharge voltage profiles (expressed as real capacities) of the ASSB with
IDE/LiTFSI_1/1 before and after bending (bending radius = 5 mm and deformation rate = 30 mm min−1). The inset shows that the multiple-folded
ASSB powered an LED lamp. e) Safety tests of the ASSB with IDE/LiTFSI_1/1. It stably powered the LED lamp even after being vertically cut in half (inset)
and exposed to flame.

advancement of ionic materials. A novel high-purity ID
with ≈99% strong ionic bonding in the monomer state
was synthesized based on the strong ionic bonds between
imidazolium-based cationic monomers and sulfonate-based an-
ionic monomers. ID was polymerized with a cross-linking moi-
ety to form a network, resulting in a new mechanically robust
and ionically conductive polymer (IDE), through the introduction
of the LiTFSI salt. The resulting IDE/LiTFSI_1/1 exhibited good
electrochemical properties, achieving a high ionic conductivity
of 0.82 mS cm−1 and a tLi+ of 0.79, surpassing the performance
of previously reported ionic elastomers. The intrinsic ionic bond-
ing networkwithin IDE/LiTFSI_1/1 contributes to its exceptional
mechanical properties, with tensile strengths of 27.4 MPa and
a Young’s modulus of 211 MPa. In addition to its mechanical
and electrochemical performance, IDE/LiTFSI demonstrated ex-
cellent adhesion to various substrates and functioned effectively
as a strain sensor, exhibiting a GF of 2.92 and maintaining stable
resistance over ≈400 cycles of repeated deformation. These char-
acteristics highlight their potential for iontronic applications and
energy storage technologies. Additionally, the pouch-type full cell
with IDE/LiTFSI exhibited stable cyclability under constrained
cell conditions. Overall, IDE/LiTFSI represents a versatile ma-
terial platform with broad applicability in next-generation flexi-
ble iontronics and energy storage systems, providing a promis-
ing avenue for the development of high-performance ionic
materials.

4. Experimental Section
Materials: 1-Butylimidazole (98%, Sigma-Aldrich), 2-bromoethyl acry-

late (94%, Alfa), acetonitrile (≥99.5%, Sigma-Aldrich), dichloromethane
(DCM, ≥99.8%, Sigma-Aldrich), deionized H2O (Sigma-Aldrich),
3-sulfopropyl acrylate potassium salt (K[SPA], Sigma-Aldrich), and
bis(trifluoro methane)sulfonimide lithium salt (LiTFSI, ≥99.95%,
Sigma-Aldrich) were vacuum dried at 100 °C for 24 h before stor-
ing them in the glove box. Deuterium oxide (99.9%, Sigma-Aldrich),
poly(ethylene glycol) diacrylate (PEGDA, Sigma-Aldrich), 2-hydroxy-2-
methylpropiophenone (Photo initiator, Sigma-Aldrich), ethyl alcohol
(purity ≥99.5%, Sigma-Aldrich), N,N-dimethylformamide (DMF, ≥99.8%,
Sigma-Aldrich). LiNi0.8Co0.1Mn0.1O2 (NCM811, LG energy solution),
N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich), and Li-metal foil (Honjo
Metal Co., Ltd., thickness 20 μm)

Synthesis of IDs: Under N2 atmosphere, 5.0 g of 2-bromoethyl acry-
late and 3.64 g of 1-butylimidazole were mixed in 30 mL of fresh ace-
tonitrile and stirred overnight at 65 °C. After the reaction, the acetonitrile
was removed using a rotary evaporator. 1–[2–acryloyloxyethyl]–3–butyl im-
idazolium bromide ([AEBI]Br) was extracted using deionized water, fol-
lowed by washing with dichloromethane at least five times. After wash-
ing, deionized water was removed via a vacuum oven at 70 °C. Then,
2.351 g of [AEBI]Br was dissolved in 30 g of acetonitrile, and 2.46 g of
K[SPA], with the same molar amount as [AEBI]Br, and stirred overnight
at 65 °C. After the reaction, the precipitate of 1.23 g of the KBr precipi-
tate was removed using filter paper, and the resulting transparent solution
was concentrated using a rotary evaporator to remove acetonitrile. The
[AEBI][SPA] dimer produced by the reaction weighed 3.46 g, resulting in a
yield of 98.38%. The [AEBI][SPA] dimer was sealed and stored in a glove
box.
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 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202508670 by Y
onsei U

niversity L
ibrary, W

iley O
nline L

ibrary on [31/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Preparation of IDEs: [AEBI][SPA] dimer (0.2 g), PEGDA (molecular
weight: 700 g mol−1, 2 wt.%), and HOMPP (photo initiator, 2 wt.%) were
dissolved in ethanol or DMF (0.1 g). The [AEBI][SPA] dimer solution was
poured into a poly(dimethyl siloxane) (PDMS) mold and polymerized
for 120 s using UV radiation to proceed with gelation. The polymerized
[AEBI][SPA] dimer was dried in a vacuum oven at 65 °C for more than 24 h
to remove the solvent.

Thermal and Mechanical Characterization: The mechanical properties
of the IDE and IDE/LiTFSI samples were tested using a tensile machine
(Mecmeshine, 50 N load cell) at room temperature (25 °C). The dog bone-
shaped samples were subjected to monotonic tensile testing at a tensile
rate of 60 mmmin−1. Young’s modulus was defined as the initial slope of
the tensile stress-strain curve. The IDE/LiTFSI_1/1 sample was notched
and obtained by cutting a 4 mm long linear notch from the edge to the
center using a sharp blade. The corresponding fracture energy (Γ) value
was obtained by multiplying the integrated area of the stress-strain curve
of the unnotched sample, from the initial loading position to the critical
strain of crack propagation (𝜖c) of the notched sample, by the initial dis-
tance between the clamps. In this equation, A represents the fracture sur-
face area, and F denotes the applied stress. The calculation formula is
defined as follows: Γ = A−1 × ∫

𝜀c
0 Fd𝜀. The rheological properties of the

IDE/LiTFSI samples were measured with an MCR 702e (Anton Paar) in-
strument (1% strain) using a plate geometry with a diameter of 4 mm
and a sample thickness greater than 1 mm. The thermal properties of the
IDE and IDE/LiTFSI samples were characterized by DSC (Discovery DSC
250 Auto, TA instruments), with a heating and cooling rate of 10 °Cmin−1.
The residual solventmeasurement of the IDE and IDE/LiTFSI samples was
characterized by TGA (SDT 500, TA instruments) with a heating range of
30–400 °C. GPC tests were conducted using a Tosoh (EcoSEC HLC-8420
GPC) system. 0.1 M NaNO3 was used as the mobile phase at a flow rate
of 1 mL min−1.

Structural and Physicochemical Characterization: 1H NMR and 13C
NMR (Bruker, Avance III HD 300) spectra of the IDs and IDEs were
recorded on Bruker instruments operating at 300 and 125 MHz, re-
spectively. D2O was used as the NMR solvent depending on the solu-
bility of the IDs and IDEs. 1H and 13Li NMR (Bruker BioSpin, Avance
III HD500) spectra were used to verify the diffusion coefficient using
Diffusion-Ordered Spectroscopy (DOSY). These measurements were con-
ducted at the Chronic and Metabolic Diseases Research Center, Sook-
myung Women’s University. UV–vis spectra were obtained using a Cary
5000 UV–vis spectrometer. ATR-FTIR spectroscopy was performed using
a Vertex 70 spectrometer (Bruker). The surface morphology and height
deviation of the non-pressed electrodes were characterized by laser scan-
ning confocal microscopy (FV1000, Carl Zeiss), in which the height devi-
ation was the difference between the observed height of the electrolyte
and its average height. Powder XRD patterns were collected using a
Rigaku MiniFlex600 diffractometer with Cu K𝛼 radiation (𝜆 = 1.5406 Å).
For the XRD analysis, XRD cells containing the samples were mounted
on an XRD diffractometer and measured at 40 kV and 15 mA. The sur-
face and cross-sectional morphologies of the electrodes were investigated
using field-emission scanning electron microscopy (FE-SEM; S-4800,
Hitachi).

Electrochemical Characterization: The 𝜉 is typically determined by com-
paring ionic conductivity from EIS with molar conductivity from PFG-
NMR. EIS is a rapid experimental method for determining the ionic con-
ductivity of a system by measuring the impedance across a given cell. Un-
like the conductivity calculated using the Nernst-Einstein equation, only
“free ions” contributing to the ionic conductivity of the system can bemea-
sured using this method. Therefore, one can estimate the 𝜉 by taking the
ratio of the molar conductivity from EIS measurements to the molar con-
ductivity from PFG-NMR and the Nernst-Einstein equation:

𝜉 =
𝜆EIS

CILΛNE
(1)

where 𝜆EIS is the ionic conductivity in EIS, and CIL is the molar concen-
tration of ID per unit volume. The Nernst-Einstein equation (Equation 2)

relates the self-diffusion coefficients (D) of the [AEBI]+ (D+) and [SPA]−

(D−) to the molar conductivity (ΛNE):

ΛNE =
NAe

2

kBT

(
z2+D++z2−D−

)
(2)

where NA is Avogadro’s number, e is the charge of an electron, kB is the
Boltzmann constant, T is the absolute temperature, and z+ and z− are
the [AEBI]+ and [SPA]− charges, respectively. The self-diffusion coefficients
D+ and D− are determined using PFG-NMR, which detects atomic nuclei
(e.g., 13Li and 1H) without distinguishing ion pairing or aggregation. Thus,
D+ andD− determined by NMR, represent the average self-diffusion of all
ions in a given system. The D of the [AEBI]+ and the [SPA]− measured by
PFG-NMRwere 8.881 × 10−12 and 5.772 × 10−12 m2 s−1, respectively. As a
result, theΛNE calculated using Equation 2 is 6.39 × 1034 e2 s kg−1 mol−1.
Additionally, the ΛEIS and CIL of ID measured by EIS are 0.0549 mS cm−1

and 0.95 × 10−3 mol cm−3, respectively. The ionic conductivities of the
electrodes were estimated by EIS analysis in the frequency range of 10−2

to 106 Hz and an applied amplitude of 10 mV using a potentiostat (VSP
Classic, Bio-Logic). Impedance was measured from 25 to 80 °C. Ionic con-
ductivity was determined using the following equation:

𝜎 = L
RA

(3)

where L is the pellet thickness, R is the resistance, and A is the area of con-
tact with the electrode. The activation energy (Ea) of ionic conduction was
determined from the slope of the Arrhenius plot. Electrochemical stability
windows of the electrolytes were evaluated by linear sweep voltammetry
(LSV) analysis at a scan rate of 0.1 mV s−1, in which a carbon electrode
was used as the working electrode. The tLi+ was evaluated using a poten-
tiostatic polarization method. DC polarization through a Li+ non-blocking
symmetric cell and its sequential EIS before and after polarization were
analyzed to determine tLi+.

tLi+ =
Is (ΔV − IoRo)

Io (ΔV − IsRs)
(4)

where V is the applied potential, Io and Ro are the initial current and
resistance, respectively, and Is and Rs are the steady-state current and
resistance, respectively, after polarization. The EIS fitting method for an
electrochemical system was conducted on an equivalent electrical circuit
consisting of common passive components (such as resistances and ca-
pacitances) and other more complicated (referred to as distributed) ele-
ments connected using potentiostat software (VSP Classic, Bio-Logic) to
simulate the impedance data on a model circuit. The Li-metal anode cy-
cle test was conducted using Li||Li symmetric cells at a current density
of 1.0 mA cm−2 and an areal capacity of 1.0 mAh cm−2 at 25 °C. The
charge/discharge performance of the cells was investigated using a cycle
tester (PNE Solution).

Fabrication of Resistive-Type Iontronic Sensors: Hard PDMS was mixed
with a PDMS base/PDMS curing agent = 10/1 (w/w). The mixed hard
PDMS solution was degassed in a vacuum oven to remove internal bub-
bles and cured overnight at 65 °C (thickness= 1mm). The IDE/LiTFSI was
transferred onto hard PDMS, and Cu tape was attached to both ends of
the IDE/LiTFSI. The contact area between the Cu tape and the IDE/LiTFSI
was 0.2 × 1.0 cm2. The IDE/LiTFSI with the Cu tape was then encapsu-
lated with the remaining hard PDMS, and the top and bottom hard PDMS
layers were strongly bonded using an O2 plasma system.

Fabrication of the Electrodes and ASSB Full Cells: Cathode slurries were
prepared with a composition of NCM811/carbon black/polyvinylidene flu-
oride (PVDF) = 96/2/2 (w/w/w). PVDF was used as the sole binder for
the cathode after dissolution in NMP for 12 h. The concentration of the
binder solution was standardized to 10 wt.%. The cast cathode slurry was
vacuum-dried at 120 °C for 12 h, followed by calendaring at 60 °C. The
cathodes were fabricated by casting a slurry onto an Al current collector.
Thereafter, the cast cathode slurry was vacuum-dried at 80 °C for 12 h, fol-
lowed by calendaring at 120 °C. The areal mass loading of active materials
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in the casted cathode was 21.0 mg cm−2. A thin Li metal foil was used
as the anode in the full cell. The pouch-type cell (composed of NCM811
cathode (4.0 mAh cm−2)||Li-metal anode, N/P ratio = 1.0) was fabricated
using an Al pouch film as a packaging substance in a dry room with a dew
point of −60 °C. The electrochemical performance of the pouch-type cell
was evaluated at 25 °C under a fixed pressure set as 200 kPa.

Statistical Analysis: All quantitativemeasurements, includingmechan-
ical properties (tensile strength, stretchability, Young’s modulus, and
toughness), absolute diffusion constant, initial resistance, lap-shear test,
and 90° peeling test, were conducted using four different IDE/LiTFSI com-
positions (8/1, 4/1, 1/1, and 1/2), with three independent replicates per
composition group (n = 3 for each IDE/LiTFSI ratio). Data are presented
as mean ± standard error of the mean (S.E.M.). Due to the small sample
size and the potential for non-normal data distributions, statistical sig-
nificance was evaluated using the non-parametric Kruskal-Wallis H-test.
A p-value less than 0.05 was considered statistically significant. All sta-
tistical analyses were performed using Microsoft Excel 365. Exact p-values
and test statistics are provided in the Supporting Information. The Kruskal-
Wallis H test was used to assess statistically significant differences among
the IDE/LiTFSI samples with varying Li+ salt ratios (8/1, 4/1, 1/1, and 1/2).
The test statistics were calculated as

H = 12
N (N + 1)

k∑

i=1

R2i
ni

− 3 (N + 1) (5)

where k is the number of groups, ni is the number of samples in group i, Ri
is the sum of ranks for group i, andN is the total number of observations.
A p-value< 0.05 was considered statistically significant. Statistical calcula-
tions were performed using OriginPro 2023 (OriginLab Corporation) and
verified by manual ranking where needed.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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