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ABSTRACT: The development of waterproof ionogels with high stretchability and ~ Highly Stretchable Fluorinated Copolymer lonogels
fast self-healing performance is essential for stretchable ionic conductors in & «,
sophisticated skin-inspired wearable sensors but can be rarely met in one material. Sy
Herein, a semicrystalline uorinated copolymer ionogel (SFCI) with extremely high "= 5 o ) )
stretchability, underwater stability, and fast self-healability was fabricated, among "V\}"{ Microcrystalline domain
which hydrophabic ionic liquids ([BMIM][TFSI]) were selectively enriched in
uoroacrylate segment domains of the uorinated copolymer matrix through unique
ion dipole interactions. Bene ting from the reversible ion dipole interactions | J
between the [BMIM][TFSI] and uoroacrylate segment domains as well as the e j )
physical cross-linking e ects of semicrystalline oligoethylene glycol domains, the g |7 0 Jig
SFCI exhibited ultrastretchability (>6000%), fast room-temperature self-healability o A infiat , £ Water :
(>96% healing e ciency after cutting and self-healing for 30 min), and outstanding R SN
elasticity. In addition, the representative SFCI also exhibited high-temperature ‘ fime (c2y)
tolerance up to 300 °C, antifreezing performance as low as 35 °C, and high
transparency (>93% visible-light transmittance). As a result, the as-obtained SFCI can readily be used as a highly stretchable ionic
conductor in skin-inspired wearable sensors with waterproof performance for real-time detecting physiological human activities.
These attractive features illustrate that the developed ultrastretchable and rapidly self-healable ionogels with unique waterproofness
are promising candidates especially for sophisticated wearable strain sensing applications in complex and extreme environments.
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1. INTRODUCTION

Skin-inspired wearable sensors that imitate human skin
perception characteristics have drawn intensive attention due
to their application prospects in the emerging elds of health
monitoring," * soft robotics,” © and human machine inter-
faces.”® Skin-inspired wearable sensors can be generally
categorized into two types of electronic skins (e-skins)®°
and ionic skins (i-skins).** ** Unlike the e-skins using electric
conductors that transduce response signals by electronic
conduction, i-skins, using ionic conductors that sense external
stimuli based on ionic conduction, are promising to achieve the
functions of human skin due to the advantages of transparency,
intrinsic stretchability, and high sensitivity.** *® However, i-
skins are practically faced with complex deformation or
continuous mechanical loading, requiring ionic conductors
with high stretchability and mechanical robustness.'”*?
Moreover, high stability under high moistures and water
environments is another important property for the durability
of i-skins. Thus, the development of ionic conductors with
extensive stretchability, high mechanical elasticity, and unique
underwater stability is signi cant for the development of next-
generation skin-inspired sensors.

© 2021 American Chemical Society
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lonic-liquid (IL)-based gels (ionogels) that are made of ILs
con ned in three-dimensional polymer networks have received
substantial attention owing to their unique properties of
tailored ionic conductivity, wide operating temperature range,
and high thermal/chemical stabilities.'®*® They also have
additional merits of mechanical compliance and stretchability
through rational structural design, which have shown great
potentials in exible sensors®® # energy conversions,>**®
storage devices,®?’ actuators,”® and so forth. However,
conventional ionogels are sensitive to humidity because the
polymer matrix and ILs are often hygroscopic, leading to their
easy swelling and degradation. A uorinated polymer is a
highly desired polymer matrix for fabricating ionogels because
of its low surface energy, high humidity insensitivity, and
excellent thermal/chemical stability originating from the highly
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Figure 1. Schematic of the preparation process of SFCIs.
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Among a variety of uorinated polymers, thermoplastic
polymers like polyvinylidene uoride (PVDF) and poly-
(vinylidene uoride-cohexa uoropropylene) (PVDF-cGHFP)
are commonly used due to their electroactivity and easy
processibility. Nevertheless, the rigid crystalline regions among
PVDF lead to poor deformation-tolerant and self-healing
performance, severely reducing the durability and reliability of
the resultant ionogels.**** Furthermore, the improvements in
the stretchability of ionogels have been achieved through
increasing the loading of ILs, but this will undoubtedly result in
the leakage of ILs. Therefore, the achievement of uorinated
ionogels with ultrastretchability, solvent-retention capacity, fast
self-healability, and waterproofness is greatly desired for next-
generation i-skins.

Herein, a semicrystalline uorinated copolymer ionogel
(SFCI) with extremely high stretchability, underwater stability,
and fast self-healability was prepared by enriching hydrophobic
ILs ([BMIM][TFSI]) in uoroacrylate segment domains of
the uorinated copolymer matrix through ion dipole inter-
actions. The dense and reversible ion dipole interactions
imbued the SFCI with ultrastretchability (>6000%), fast self-
healability (>96% healing e ciency after cutting and self-
healing for 30 min), and solvent-retention capacity, while the
physical cross-linking e ects of semicrystalline oligoethylene
glycol domains maintained their high mechanical strength
( 251 kPa) and outstanding elasticity. Bene ting from the
uorinated copolymer matrix of PHFBA-r-OEGA and hydro-
phobic [BMIM][TFSI], the SFCI exhibited a high-temper-
ature tolerance of up to 300 °C and unique waterproof
performance. Moreover, the low freezing point of [BMIM]-
[TFSI] allowed the SFCI to exhibit antifreezing performance
at 35 °C. The SFCI also showed high transparency (>93%
visible-light transmittance) due to the high compatibility of
uoroacrylate segments and [BMIM][TFSI]. Afterward, a
skin-inspired sensor using the SFCI as a stretchable conductor
was assembled, demonstrating high sensitivity (gauge factor:

1) in a wide strain range of 0 200%, high durability with
1000 and 5000 cycles at 50 and 5% strains, respectively, fast
response time within 0.3 s under 10% tensile strain, and unique
waterproofness with stable response signals after immersion in
water for various times in monitoring physiological signals of
human motions.
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2. EXPERIMENTAL SECTION

2.1. Materials. 2,2,3,4,4,4-Hexa uorobutyl acrylate (HFBA,
>95%) was obtained from Aladdin Ltd. Oligoethylene glycol methyl
ether acrylate (OEGA, M,, = 481 g mol ) and 2,2-diethoxyaceto-
phenone (DEAP, >95%) were purchased from TCI Chemicals. 1-
Butyl-3-methylimidazoliumbis ((tri uoromethylsulfonyl)imide)
([BMIM][TFSI], 99%) was purchased from Adamas (Shanghai,
China). All the chemicals were used without further puri cation.

2.2. Preparations of SFCls and PHFBA-r-OEGA. Typically,
HFBA and OEGA monomers, [BMIM][TFSI], and photoinitiators of
DEAP were intensively mixed to obtain the homogeneous and
transparent precursor solution. After being cast into a plastic mold,
the solution was cured by an 8 W ultraviolet (UV) light (CL-1000L,
=365 nm) for 2 h. The molar ratio of HFBA and OEGA was xed at
10/1. The SFCI-1, SFCI-2, SFCI-3, and SFCI-4 represent the as-
prepared ionogels with IL/ZHFBA molar ratios of 1/9, 1/7, 1/5, and
1/3, respectively. The volume percentages of ILs in the four SFCI
samples were 13, 16, 22, and 31%, respectively. The molar percentage
of DEAP to the total monomers was set at 2% throughout the
experiments. PHFBA-r-OEGA was prepared by photopolymerization
of precursor solution of HFBA, OEGA, and DEAP without the
addition of [BMIM][TFSI], while keeping other conditions similar to
the SFCls.

2.3. Measurements of the SFCI Capacitance Sensor.
Capacitive strain sensing performance of SFCIs was measured on
an LCR meter (TH2832) at an applied voltage of 1 V. The sensor was
assembled with a dielectric layer (VHB 4910, 3M) sandwiched with
two SFCI Ims (20 x 10 x 1 mm®). Two copper wires were
employed as the current collectors to connect the upper and lower
surfaces of SFCI Ims. The other ends of copper wires were
connected to the LCR meter. The stability and reliability of the SFCI
sensor upon damages were tested at 25 °C. The humidity-dependent
capacitive-type strain sensing performance of the SFCI-based sensors
was performed at the 30 and 99% relative humidity (RH),
respectively. To further con rm the waterproof performance of the
SFCI-based strain sensor, its sensing performance after being stored in
water for various times was measured. The SFCI-based strain sensors
were attached to the prosthetic nger, elbow, and knee, as well as a
dumbbell, to monitor complex human motions. The capacitance (C)
of the sensor was calculated by eq 1

-_S
" 4 kd €h)

where is the dielectric constant of the dielectric layer, k is the
electrostatic constant, Sis the e ective area of the two SFCI Ims, and
d is the thickness of the dielectric layer.

The gauge factor (GF) was calculated by eq 2

_ dg
GF= 0

https://doi.org/10.1021/acsami.1c16081
ACS Appl. Mater. Interfaces 2021, 13, 49358 49368


https://pubs.acs.org/doi/10.1021/acsami.1c16081?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16081?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16081?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16081?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c16081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a

.
-

Self-healing
—

Air inflation
—

T

(o]
o

Transmittance (%
B [2]
o o

C
SEEEEEEEEENEEEENEEE NN A NN RN 100 o__oﬂo—g-’—a—ﬁ—‘o—o
N
= ==
S =
T80F
- S|
S i
g B |
60} —I T :j
—J__C—twate
—
400 500 600 700 800 40 0 2 4 6

Wavelength (nm)

Time (days)

Figure 2. (a) Air in ation experiments of self-healed SFCI-2 Im samples. Four square pieces were put together into contact, and the self-healed
sample could be in ated into a balloon. (b) UV vis spectra of a 0.2 mm thickness SFCI-2. The inset showing various colors could be seen clearly
through the top of the SFCI-2 Im. (c) Weight changes of SFCI-2 stored in water, demonstrating its waterproof performance. Insets showing that

the underwater SFCI-2 sample maintained its original shape after 7 days.

where  C is relative changes of the capacitance, G, is the initial
capacitance, and is the change of strain.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the preparation processes of the SFCI.
Homogenous and transparent precursor solution containing
HFBA, OEGA, [BMIM][TFSI], and DEAP was transferred
into a PTFE mold and UV-photopolymerized to form a
homogeneous Im. The SFCI-1, SFCI-2, SFCI-3, and SFCI-4
represent the feeding molar ratios of [BMIM][TFSI] to HFBA
of 1/9, 1/7, 1/5, and 1/3, respectively. The 'H nuclear
magnetic resonance (NMR) spectroscopy of HFBA and
OEGA monomers, as well as SFCI-2 under various photo-
polymerization time, was performed to investigate the
polymerization rates of the two monomers within [BMIM]-
[TFSI]. The *H NMR spectra of hydrogen atoms among the
acrylate double bonds of OEGA and HFBA showed peaks at
58 6.5and 5.9 6.6 ppm (Figure S1), respectively. However,
the peaks at 58 6.5 ppm disappeared in the H NMR
spectrum of SFCI-2 after polymerizing for 30 min, indicating
that the OEGA monomers were fully polymerized within the
ILs. The HFBA monomers were completely consumed when
prolonging the polymerization time to 60 min. The highly
electronegative uorine atoms in HFBA monomers a ected
their conversion during photopolymerization.*®

Physically dual-cross-linked structures consisting of dense
ion dipole interactions between the uoroacrylate segments
and imidazolium cations of [BMIM][TFSI] as well as
microcrystalline domains of POEGA were simultaneously
achieved during the photopolymerization. The resulting
SFCI samples exhibited incredible self-healability bene ting
from reversible ion dipole interactions.”** As shown in
Figure 2a, four square-shaped SFCI-2 Im samples were put
together into contact and self-healed into a complete Im in
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few seconds (<10 s) at 25 °C, and the resultant self-healed Im
was successfully in ated to a large balloon without bursting
(Movie S1).

High compatibility of the polymer matrix with ILs is
essential for preparing ionogels with high transparency, and
thus, [BMIM][TFSI], a uorine-rich IL with high hydro-
phobicity, was selected for incorporating it into the

uoroacrylate segment domains of the uorinated copolymer
matrix. Figure 2b shows that the 0.2 mm thickness SFCI-2 Im
exhibited high transparency (>93% visible-light transmittance).
Elemental mapping images of fracture surface SFCI-2 samples
(Figure S2) indicated that the C, N, O, F, and S elements were
evenly distributed within the SFCI-2, further con rming the
high compatibility between the PHFBA-r-OEGA backbone
and uorine-rich ILs. After the successful fabrication of SFCls
with high transparency, another kind of imidazolium-based

uoride-free IL, 1-butyl-3-methylimidazolium chloride
([BMIM]CI), was substituted for [BMIM][TFSI] for the
preparation of ionogels. As shown in Figure S3, the resulting
[BMIM][CI]-based ionogel was opaque, which was ascribed to
the poor compatibility between the uoride-free ILs and

uoroacrylate segments. Thus, we chose [BMIM][TFSI] as
the representative IL owing to its uorine-rich feature of high
compatibility with uoroacrylate segments.

Contact angle tests were performed to evaluate the
hydrophobicity of the surface of PHFBA-r-OEGA and SFCls
(Figure S4). The contact angles of a water droplet on PHFBA-
r-OEGA were measured to be 98 + 4.0°. The contact angles of
SFCI-1, SFCI-2, SFCI-3, and SFCI-4 were calculated as 116 +
3.1, 118 £ 2.4, 119 + 25, and 120 + 2.2°, respectively. The
contact angles of SFCIs gradually increased when the uorine-
rich [BMIM][TFSI] content increased, con rming a hydro-
phobic nature of SFCIs. The high hydrophobicity of SFCIs was
originated from the uorinated copolymer matrix and the
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Figure 3. Compositional and structural characterizations. (a) Activation energy derived from Arrhenius plots for shift factors of SFCI-2 and
PHFBA-r-OEGA. (b) XRD patterns of PHFBA-r-OEGA and SFCIs. (c) ATR-FTIR spectra of PHFBA-r-OEGA, SFCls, and ILs. (d) **F NMR
spectra of model samples of ILs, HFBA + OEGA, and HFBA + OEGA/ILs in CDClI,.

uorine-rich ILs. Swelling measurements were performed to
evaluate the waterproof performance of SFCIs. As shown in
Figure 2c, the weight and shape of SFCI-2 were almost
unchanged when stored in water during testing, demonstrating
its outstanding waterproofness. The unique waterproof
performance made the SFCIs promising to readily work as
an emerging waterproof wearable sensor. Moreover, the as-
prepared SFCls exhibited high ionic conductivities at room
temperature, and the ionic conductivities of SFCIs ranged from
8.89 x 10 *t0 2.42 x 10 2 S m ! with the increasing content
of the uorine-rich ILs (Figure S5). The SFCI-2 maintained
stable ionic conductivities at 25 °C for over 7 days (Figure S6).
The ionic conductivity of SFCI-2 increased from 2.67 x 10 3
t0 0.26 S m ! in the temperature range of 25 200 °C (Figure
S7), which is attributed to the fact that higher temperatures
contributed to faster movements of ions within the polymer
matrix, easier ion transport, and higher ionic conductivity.

X-ray photoelectron spectroscopy (XPS) was conducted to
evaluate surface elemental compositions of PHFBA-r-OEGA
and SFCI-2. XPS spectra of the abovementioned two samples
(Figure S8a) showed similar characteristic peaks of uorine
( 835and 690 eV for F KLL and F 1s), oxygen ( 531 eV for
O 1s), and carbon ( 285 eV for C 1s). Upon the addition of

uorine-rich [BMIM][TFSI], N 1s and S 2p spectra in the
SFCI-2 were introduced. The N 1s spectra can be
deconvoluted into two peaks centered at 400.7 and 398.1 eV
(Figure S8hb), corresponding to the N atoms in N* of imidazole
rings**%* and S N S of anions of uorine-rich ILs*’
respectively. Also, the S 2p spectra attributed to uorine-rich
ILs were deconvoluted into 2p,,, and 2p,, peaks (Figure S8c).
Rheological tests were performed to investigate the ion dipole
interactions within the SFCI-2. The master curves of PHFBA-
r-OEGA and SFCI-2 were recorded at a reference temperature
of 25 °C using the time temperature superposition principle
via oscillatory frequency sweep tests (Figure S9). The apparent
activation energy (E)) of PHFBA-r-OEGA was estimated by
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the Arrhenius equation (E, of 91.5 ki mol 1) with the
frequency-scale shift factor (' ). With the incorporation of the

uorine-rich ILs, the ion dipole interaction within the SFCI-2
was observed. The E, of SFCI-2 was measured to be 59.0 kJ
mol , and the relatively low E, not only decreased the energy
barriers of PHFBA-r-OEGA but also promoted the segmental
motions (Figure 3a). These results clearly explained that the
SFCI-2 had extremely fast self-healability.

The chemical and crystalline structures of SFCIs were
further investigated by X-ray di raction (XRD), attenuated
total re ection Fourier transformed infrared spectroscopy
(ATR-FTIR), and F NMR. The XRD patterns from
PHFBA-r-OEGA and SFCIs showed di raction peaks located
at2 = 20° (Figure 3b), corresponding to the microcrystal-
line of ether segments.*® The crystallinity of PHFBA-r-OEGA
that was calculated from XRD patterns was 43.0%. A signi cant
decrease from 38.4 to 19.8% in the crystallinity of SFCIs with
the increasing content of uorine-rich ILs was observed (Table
S1), revealing the plasticizing e ects of ILs on the copolymer
matrix. Furthermore, the ion dipole interactions between
PHFBA-r-OEGA and uorine-rich ILs were identi ed by
FTIR. Figure 3c and Table S2 show that the FTIR peaks at
1286 cm * (C F, antisymmetric stretching vibration)®* and
1095 cm * (C F stretching vibration)*® in the PHFBA-r-
OEGA shifted to relatively high wavenumbers with the
addition of the uorine-rich ILs. Meanwhile, three distinct
peaks at 1348 and 1330 cm ! (SO, antisymmetric stretching
vibrations) and 1052 cm ! (SNS antisymmetric stretching
vibration) observed in the uorine-rich ILs also shifted to
relatively high wavenumbers, revealing that the electron cloud
density around the TFSI increased, as imidazolium cations
were pulled away by F atoms.*® These results indicated the
formation of ion dipole interactions between the F atoms of
PHFBA-r-OEGA and the imidazolium cations of [BMIM]-
[TFSI]. ®F NMR results are shown in Figure 3d,
demonstrating that the peaks of F atoms in HFBA moved
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Figure 4. Mechanical performance. (a) Typical tensile stress strain curves of PHFBA-r-OEGA and SFCls at a stretching rate of 50 mm min . (b)
Tensile stress strain curves of SFCI-2 at varied strain rates. (¢) Cyclic stress strain curves of SFCI-2 under varied strains. The stretching rate was
set at 50 mm min *. (d) Recovery of SFCI-2 for di erent waiting times.

toward relatively low eld with the addition of [BMIM][TFSI]
and the corresponding intensity decreased, further con rming
the presence of ion dipole interactions. Moreover, scanning
electron microscopy (SEM) was carried out to investigate the
in uence of physically dual-cross-linked interactions on the
structure of SFCIs. Figure S10 shows the cross-sectional SEM
images of SFCI samples after solvent exchange and freeze-
drying. The SFCI-1 with a small amount of ILs presented
nonuniform pore size distributions because the uorine-rich
ILs hardly enriched strong semicrystalline domains. When the
content of uorine-rich ILs was relatively high in the SFCI-4,
the pore size signi cantly decreased and the distribution
became uniform and ordered due to the increase of relatively
weak and dense ion dipole interactions.

Figure S11 shows typical tensile stress strain curves of
PHFBA, POEGA, and PHFBA-r-OEGA. Compared with those
of PHFBA and POEGA, the mechanical strength and
toughness of PHFBA-r-OEGA were enhanced incredibly. By
tuning the molar ratio of uorine-rich ILs and HFBA, a series
of SFCls with distinct mechanical properties were achieved. As
shown in Figure 4a and summarized in Table S3, the rigid
microcrystalline domains led to low stretchability and high
mechanical strength of PHFBA-r-OEGA without the addition
of uorine-rich ILs.** When the IL/HFBA molar ratios
increased from 1/9 to 1/5, the stretchability of SFClIs
signi cantly enhanced from 1980 to 7840%, while the
toughness increased from 2.6 to 8.0 MJ m?, respectively.
However, the further increase of the molar ratio of IL/HFBA
to 1/3 decreased the stretchability and mechanical strength of
SFCls. It is because the higher content of ILs resulted in lower
crystallinity and entanglement of polymer chains in SFClIs.
Furthermore, the SFCI-2 exhibited a high mechanical strength
( 251 kPa) and a high stretchability (>6000%) (Movie S2),
which was a record-high stretchability among the reported
ionic conductors in the literature.>**? “°
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The deformation-rate dependence of tensile behaviors
further con rmed the dynamic and reversible features of
ion dipole interactions. Figures 4b and S12 show that the
mechanical strength of SFCI-2 increased pronouncedly from
251 to 630 kPa, accompanied by the increased deformation
rates. However, the fracture strain of SFCI-2 was independent
of the deformation rate, even the deformation rate was up to
200 mm min ?, indicating that few strong interactions (i.e.,
microcrystalline domains) had been broken before the full
breakage of relatively weak ion dipole interactions.*” More-
over, the elasticity and dissipative capacity of SFCI-2 was
assessed by cyclic tensile tests. In Figure 4c, the SFCI-2
showed pronounced hysteresis and relatively small plastic
deformation. The area of hysteresis loops gradually increased
with increasing cyclic strains, revealing that the SFCI-2 could
e ectively dissipate energy through the breakage of ion dipole
bonds. However, when the SFCI-2 was stretched and released
successively, Young’s modulus and strength of the next cycle
were lower than that of the previous cycle (Figure S13), which
was attributed to the fact that a sliding mechanism based on
dynamic bonds required enough time for the recovery of
mechanical properties.® To con rm the self-recovery capa-
bility of SFCI-2 under di erent waiting times, cyclic tensile
tests were carried out under a loading strain of 400% (Figure
4d). It was surprising that the short waiting time of 1 min
contributed to a 70% recovery of the hysteresis ratio (area ratio
of the second hysteresis loop to the rst) (Figure $14).%° The
residual strain decreased with the increasing waiting time and
disappeared after the waiting time of 20 min, which meant that
the plastic deformation was fully removed. In striking contrast
to stretchable ionic conductors in the literature (Table
54),%449 52 the SFCI-2 showed a small residual strain after
unloading and a rapid self-recovery capability with a large
recovery of the hysteresis ratio in short waiting time during the
second loading/unloading cycle.
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Figure 5. Self-healing performance. (a) Photographs showing the self-healing ability of SFCI-2. The inset showing an optical microscopy image of
the healed area of SFCI-2. (b) Stress strain curves of the pristine and healed SFCI-2 sample after various healing times. (c) Alternate step strain
sweep tests with alternating shear strains of 1 and 200% with 25 s for SFCI-2. (d) Recovery of ionic conductivity of SFCI-2 upon two cutting and
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DMA curves of SFCI-2 from 25 to 300 °C. (d) DSC thermograms of PHFBA-r-OEGA and SFCIs from 70 to 25 °C.

The dynamic and reversible features of ion dipole
interactions imbued SFCIs with ultrafast self-healability at
room temperature. To make the cut region more distinguish-
able, one of the SFCI-2 samples was colored by rhodamine B
(red). Subsequently, two SFCI samples with di erent colors
were cut into half and gently put together into contact for self-
healing in only 1 s (Figure 5a). It was noteworthy that the
repaired sample was capable of withstanding large stretching
deformation and the crack between two fractured SFCI-2

49363

samples was almost invisible. To determine the self-healing
e ciency of fractured SFCI samples more accurately, tensile
tests before and after self-healing processes were carried out.
Figure 5b shows tensile stress strain curves of the self-healed
SFCI-2 samples under various healing times (1 s, 1 min, 5 min,
10 min, and 30 min). Surprisingly, the fracture strain of the
healed SFCI-2 was more than 1500% after self-healing in only
1 s (Movie S3). Moreover, the fracture strain and mechanical
strength of the as-healed samples were restored to 98.9 and
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Figure 7. Capacitive sensing performance of the SFCI sensor. (a) Relative capacitance variations as a function of strain. Relative capacitance
variations (b) under large strains (20, 50, 70, and 100%) and (c) under small strains (1, 3, 5, and 7%). (d) Relative capacitance variations at various
loading frequencies upon stretching to 50% strain. Cyclic stability tests under (e) 50% strain for 1000 cycles and (f) 5% strain for 5000 cycles.

96.7% of those before cutting after healing for 30 min (Figure
S15), respectively. To further illustrate the self-healing
performance of the SFCI after multiple cutting and self-
healing cycles, the tensile stress strain curves of the cut and
self-healed SFCI-2 samples are shown in Figure S16. The
elastic modulus and toughness of the self-healed SFCI-2
samples merely declined slightly after cutting and self-healing
three times, further indicating the excellent self-healing ability
of the as-obtained SFCI.

The self-healability of SFCls was further con rmed by
rheological measurements. Strain amplitude sweep tests of
SFCI-2 are shown in Figure S17. The storage moduli (G) of
SFCI-2 were much higher than the loss moduli (G ) at a small
shear strain (<10%), indicating its solid-like elasticity
behavior.>®* *® The G values of SFCI-2 began to decrease
and the G values became higher than the G values at a large
shear strain (>100%), revealing that the physically cross-linked
network was damaged at a large strain.>’ Cyclic step-strain
sweep tests with an alternate small shear strain of 1% and large
shear strain of 200% were performed (Figure 5c). At the shear
strain of 1%, the G value was higher than that of G . However,
when the shear strains grew to 200%, the G values underwent
a dramatic decline and were lower than that of G . Notably,
the G and G values of SFCI-2 instantly recovered to their
initial values after the shear stain returned to 1%.** Moreover,
the self-healing capacity of the ion conductivity of SFCI-2 is
shown in Figure 5d, and the resistances were recovered to its
original value in short time after two cutting healing cycles.”®

Owing to the low freezing point and negligible vapor
pressure of [BMIM][TFSI],* the SFCIs exhibited outstanding
stability under extreme environmental conditions of high and
low temperatures. The mechanical exibility of SFCI-2 under
extreme temperature conditions is shown in Figure 6a,b,
demonstrating that the SFCI-2 was capable of being twisted at

30 °C and stretched at 90 °C, respectively. To explore the
thermal limits of high-temperature environments for SFCI-2,
dynamic thermomechanical analysis (DMA) measurements
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were performed from 25 to 300 °C (Figure 6¢). The G values
of SFCI-2 were higher than G values even the temperature
was up to 300 °C, indicating that the SFCI-2 exhibited
outstanding elasticity behaviors under extremely high temper-
atures. The high-temperature tolerance of SFCI-2 was
originated from the uorinated PHFBA-r-OEGA backbone
and the high thermal stability of [BMIM][TFSI]. Moreover, a
gradual increase in the G values of SFCI-2 with the
temperature rising from 230 to 300 °C was attributed to the
increase of cross-linking density caused by the oxidative cross-
linking of polymer chains under such high temperatures.

To evaluate the antifreezing performance of SFCIs, glass
transition temperatures (T,) of PHFBA-r-OEGA and SFCls
were measured by di erential scanning calorimetry (DSC).
The T, of SFCIs was determined by the PHFBA-r-OEGA
backbone and the uorine-rich ILs because SFCIs only
consisted of the abovementioned two components. PHFBA-
r-OEGA had a T, of 20.8 °C (Figure 6d), whereas the T, of
the uorine-rich ILs was about 84.0 °C.>° The T, of SFCls
decreased from 20.8 to 45.3 °C with the increasing content
of the uorine-rich ILs, indicating the plasticizing e ect of ILs
on PHFBA-r-OEGA, which was consistent with the above-
mentioned XRD results. The decrease of T, contributed to the
mobility of polymer chains, promoting the self-healability of
SFCIs.”° In addition to the freeze-resistant performance, the
thermal stability of SFCIs was assessed using thermogravi-
metric analysis (TGA). In Figure S18a, the SFCIs showed high
decomposition temperatures at 300 °C under a nitrogen
atmosphere. To further demonstrate the long-term thermal
stability, the weight loss of SFCI-2 stored at 100 °C was
measured for 48 h (Figure S18b). The weight of SFCI-2
maintained stability due to the dense ion dipole interactions
of [BMIM][TFSI] with the polymer matrix, which e ectively
prevented the evaporation of ILs. In short, SFCIs exhibited
excellent heat/freeze-resistant performance, revealing their
excellent stability in a wide operating temperature range.
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Figure 8. Wearable SFCI capacitance sensor detecting complex mechanical motions. Relative capacitance variations of the sensor monitoring (a)
prosthetic nger bending under varied humidity environments, (b) prosthetic elbow bending, (c) prosthetic nger bending upon cutting and self-

healing, and (d) dumbbell lifting.

Besides, it is also important for ionic conductors to have a
stable and wide electrochemical window, which meets the
voltage demands of most electronic devices (e.g., lithium
sulfur batteries, lithium nickel manganese cobalt oxide
batteries, and supercapacitors). Linear sweep voltammetry
tests were performed to measure the decomposition voltage of
SFCls at a scan rate of 1 mV s * from 0 to 6 V. Owing to the
well-known high electrochemical stability of ILs, the SFCI-2
exhibited a high decomposition voltage at 3.6 V (Figure
S19), which was much higher than those of hydrogel
electrolytes (decomposition voltage of <1.0 V).>®“%% More-
over, squeezing tests were measured to assess the capability of
IL retentions in the SFCI (Figure S20). There was no leaked
[BMIM][TFSI] on the weighing paper when squeezing the
SFCI-2 sample, indicating that the strong ion dipole
interaction contributed to preventing any leakage of ILs.

As summarized in Table S5, the SFCI exhibited not only a
high mechanical strength of 251 kPa but also an ultra-
stretchability up to 6000%, which was a record-high
stretchability among the reported ionogels in the literature.
The SFCI was able to self-heal rapidly with a 96% healing
e ciency after cutting and self-healing for 30 min. The
waterproofness of the SFCI was fascinating, which contributed
to the long-term application of the SFCI sensor in high
humidity conditions. The intriguing properties with high
elongation at break, ultrafast self-healability, and waterproof-
ness of the SFCI are promising as an ionic conductor for
assembling skin-inspired capacitance sensors (Figure
$21).>123462 64 10 Figure S22, the SFCI sensor was
constructed by integrating two SFCI Ims with a dielectric
layer (VHB 4910, 3M), and the upper and lower SFCI Ims
were connected to two copper current collectors. When the
SFCI sensor was subjected to an external force, both the
e ective area (S of the SFCI and the thickness (d) of the
dielectric layer changed, resulting in the capacitance variations
of the SFCI sensor.® In Figure 7a, the SFCI sensor presented

a large-strain responsive range from 0 to 200% strain, and its
gauge factor (GF) was calculated to be 1, which was consistent
with the theoretical prediction.** Figure 7b,c shows the
evolutions of the relative capacitance variation ( C/C)
signals of the sensor during the successive stretching/releasing
cycles at large strains (20, 50, 70, and 100%) and small strains
(1, 3, 5 and 7%), respectively. Repeatable and strain-
dependent capacitance signals were observed, indicating the
ability of the sensor in discerning deformation degrees. In
Figure 7d, even under frequency ranging from 0.033 to 0.1 Hz,
stable and continuous capacitance responses upon 50% strain
were demonstrated, revealing potentials of SFCI sensors for
detecting dynamic strains. The SFCI-2-based strain sensor also
exhibited fast response time ( 0.3 s) and recovery time ( 0.6
s) under 10% tensile strain due to its outstanding elasticity
(Figure S23).

To test the durability of the SFCI sensor for long-term
applications, the SFCI sensor was stretched to 50% strain for
1000 cycles and 5% strain for 5000 cycles, respectively. In
Figure 7e/f, highly stable and reproducible capacitance signals
were observed, showing an excellent reliability of the SFCI
sensor during long-term stretching/releasing cycles. The
wearable SFCI capacitance sensor was used to monitor diverse
motions of the nger, elbow, and knee bendings. Figure 8a
shows that the SFCI-2-based sensor was utilized to detect the
prosthetic nger straightening/bending processes at 30 and
99% RH, respectively. The C/C, signals remained almost
unchanged for four cycles under di erent humidity conditions,
suggesting the humidity-independent sensing performance of
the SFCI sensor. Furthermore, the SFCI sensor was immersed
in large amounts of water for various times (0, 12, and 24 h) to
demonstrate its waterproof performance. The sensing perform-
ance of the SFCI sensor monitoring the prosthetic knee
bending is shown in Figure S24, indicating the high stability of
the SFCI sensor even after long-term immersion in water. This
was because the integration of the uorinated copolymer
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matrix and uorine-rich ILs enabled the SFCI sensor with
excellent waterproof performance. Figure 8b shows that the
SFCI sensor was also capable of monitoring the prosthetic
elbow bending motions, and the C/C; signals were kept
steadily. In addition, the stability and reliability of the SFCI
sensor under damaged conditions were assessed. Figure 8c
shows the C/G, signals of the capacitance sensor assembled
by the self-healed SFCI samples during continuous nger
straightening/bending cycles. Repeatable and reliable capaci-
tance signals were observed, further indicating the high
durability and stability of the SFCI sensor. Moreover, the
SFCI sensor could perceive di erent dynamic pressures and
real-time generate continuous and stable C/C, signals
(Figure S25). The SFCI sensor was attached to the side of a
dumbbell, and the processes of the dumbbell lifted/fallen by a
volunteer caused fully repeatable capacitance variations (Figure
8d).

4. CONCLUSIONS

In summary, we developed a SFCI by selectively enriching
hydrophobic ILs of [BMIM][TFSI] in uoroacrylate segment
domains of the uorinated copolymer matrix through ion
dipole interactions. Owing to the presence of reversible and
dense ion dipole interactions between the imidazolium
cations of [BMIM][TFSI] and uoroacrylate segments, the
SFCI exhibited ultrastretchability (>6000%), fast self-heal-
ability at room temperature, and solvent-retention capacity.
Meanwhile, the sti microcrystalline domains enabled the
SFCI with high mechanical strength ( 251 kPa) and
outstanding reversible elasticity. The SFCI exhibited water-
proof performance due to the presence of both the
hydrophobic [BMIM][TFSI] and uorinated copolymer
matrix of PHFBA-r-OEGA, which e ectively prevented
hygroscopicity of ionogels in humid environments. The SFCI
also showed high-temperature tolerance up to 300 °C and
freeze-resistant performance as low as 35 °C. Owing to the
high compatibility of the uoroacrylate chain and [BMIM]-
[TFSI], the SFCI was highly transparent (>93% visible-light
transmittance). The versatile design and impressive perform-
ance made SFCIls promising as highly waterproof and
stretchable ionic conductors for wearable strain sensors with
a high gauge factor of 1.0, linear response range of 0 200%
strain, fast response time within 0.3 s under 10% tensile strain,
stable response signals after immersion in water for various
times (0, 12, and 24 h), and durability to 1000 and 5000 cycles
at 50 and 5% strains, respectively, with great implication for
exploring advanced wearable strain sensing applications in
complex and extreme environments.
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of hysteresis ratio, and waiting time during the second
loading/unloading cycle, as well as mechanical proper-
ties, self-healing performance, and waterproofness of
SFCI-2 and ionogels in the literature (PDF)

Fractured and self-healed SFCI in ating into a large
balloon (AVI)

SFCI stretched to 6000% with 10x play speed (AVI)
Tensile performance of fractured SFCI after ultrafast
self-healability with 10x play speed (AVI)
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