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ABSTRACT: Ionic liquid (IL)-based conductive elastomers have
recently emerged as promising stretchable electrodes for applica-
tions in flexible electronic devices because of the interesting features
of ILs. However, conventional IL-based elastomers suffer from low
mechanical properties, instability in the ambient environment, and
lack of self-healability. Herein, highly stretchable, stable, and self-
healable IL-based conductive elastomers PnBA/SiO,/PVI (Cu**,
[EMIM]*[BF,]”) were designed and facilely fabricated by one-pot
Pickering emulsion polymerization. The Pickering emulsion is
composed of the continuous phase of n-butyl acrylate, the dispersed
phase containing vinylimidazole, copper acetate and IL
([EMIM]*[BF,]”), and the surfactant vinyl-SiO,. The fabricated
materials feature an elastic matrix with microionogel particles
embedded in it. The system is chemically and physically cross-
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linked via vinyl-SiO, and Cu**-imidazole coordination interaction, respectively. Such a rational design endows the resulting
elastomers with a wide range of properties, including good conductivity, high stretchability, excellent mechanical properties, and self-
healability. Besides, owing to this unique structure, they display high stability and their weight and electrical aspects remain almost
unchanged in open air and a wide temperature range (30, 50, and 100 °C). Utilizing as flexible sensors, the as-prepared elastomers
are able to accurately monitor real-time human motions via converting external stimuli into stable and repeatable signal variations

during deformations.

1. INTRODUCTION

Ionic liquids (ILs), a kind of molten salt, possess many unique
properties, such as high ionic conductivity, chemical and
thermal stability, a wide operating window, and low vapor
pressure.”” Because of these interesting features, IL-based
conductive elastomers (ICEs) consisting of soft elastomeric
polymer networks filled with ILs have recently been proposed
to construct flexible electronic sensors.””> The fabricated
sensors have achieved high sensitivity to a broad range of
strains and pressures.””® However, because of the plasticizer
effect of ILs, most existing ICEs exhibit low mechanical
properties and toughness, and they are prone to damage and
fatigue at small strains during the repeated deformation
processes.”'? Moreover, the as-reported IL-based elastomers
suffer from the issues of IL leakage during the practical
applications, which thus would cause gradual deterioration in
the conductivity of the electronic devices and even potentially
affect human health."'™"* Furthermore, many reported
ionogels are unstable under ambient environments because
highly hydrophilic ILs can absorb moisture from the air to
change their weight, which causes an alternation of various
properties including stretchability and conductivity.'* Thus, it
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still is a challenging task to develop high-performance IL-based
conductors with good mechanical properties and high stability.

In recent years, inspired by natural tissues such as human
skin and muscle, soft materials possessing the self-healing
capability have emerged and attracted extensive research
attention for their promising applications in a myriad of
fields."*~"® Self-healing materials have the ability to repeatedly
repair mechanical damage and restore their functionality,
thereby significantly improving the durability of the materials
and prolonging their service life."”™>' As for the ICEs, they
might suffer from the damage caused by sharp materials or
accidental overload because of their high deformability.”*~**
Thus, it is desirable for the ICEs to have beneficial self-healing
ability. Although some ICEs have been reported, few of them
are intrinsically self-healable.”* Moreover, there is a trade-off
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Scheme 1. Schematic Illustration of the Microionogel (MIG)-Enhanced Self-Healing Conductive Elastomers via the One-Pot

Oil-in-Oil Pickering Emulsion Polymerization
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between the self-healing capability and mechanical properties
for one material and the enhancement of the mechanical
properties usually results in reduced shelf-healing efhi-
ciency.”™*® To date, the ICEs that have high mechanical
strength along with excellent self-healing ability especially
under mild conditions have rarely been fabricated.

Herein, we designed and fabricated a high-performance ion-
conductive elastomer with integrated high stretchability, good
stability, and self-healability via one-pot oil-in-oil Pickering
emulsion polymerization (Scheme 1). The obtained ICEs
feature an elastic PnBA framework with the integration of MIG
particles in which the polyimidazole is dynamically cross-linked
through metal—ligand interaction between Cu®" and imidazole
and ILs are locked into the network. The elastic PnBA phase
contributes the large stretchability of the resulting materials.
The MIGs act as the cross-linker and conductive filler
simultaneously, which endow the obtained elastomers with
high mechanical strength, good conductivity, and a wide
operating temperature range. Importantly, the ion-conductive
elastomers featuring MIGs exhibit excellent stability relative to
the conventional ionogels and can self-heal autonomously
because of the Cu**-imidazole complexes residing in the MIGs.
Using the fabricated ICE, a high-performance strain sensor was
constructed, which exhibited high detection sensitivity, rapid
response speed, and good antifatigue performance and could
monitor different human motions. Therefore, it is expected
that the as-prepared IL-based elastomer would be an ideal
sensor for a variety of applications of flexible electronic devices.

2. EXPERIMENTAL METHODS

2.1. Materials. Vinylimidazole (VI) and n-butyl acrylate (n-BA)
and copper acetate (Cu(Ac),) were obtained from Sigma-Aldrich Co.
The IL (1-butyl-3-methylimidazolium tetrafluoroborate,
[EMIM]'[BF,]”) was purchased from TCI Co. Nanosilica white
powders (average diameter was 30 nm), 3-aminopropyl trimethox-
ysilane, triethylamine, e-caprolactone, 2,2-diethoxyacetophenone
(DEAP, photoinitiator), and methacryloyl chloride were purchased
from Shanghai Aladdin Co. Toluene, tetrahydrofuran, and triethyl-
amine were obtained from Macklin Co. All the solvents were dried
through a solvent purification system. The VHB tape was purchased
from Minnesota Mining and Manufacturing (3M) Co.

2.2. Characterization. Microscope photography was carried out
on an Olympus BX-53M instrument, and photographs were analyzed
using Image J. Fourier transform infrared (FT-IR) spectra were

obtained using a Nicolet 670 spectrometer with the attenuated total
reflectance accessory. Thermal gravimetric analysis (TGA) was
performed on a TG 209 F1 from room temperature to 600 °C in
an N, atmosphere with a heating rate of 10 °C min~". 'H nuclear
magnetic resonance ('"H NMR) spectra were recorded using an
AVANCE III 600 MHz NMR spectrometer at room temperature and
CDCl; as the solvent. X-ray photoelectron spectroscopy (XPS)
spectra were recorded using a ThermoFisher Scientific Escalab 250X.
The conductivity of the ionic conductive elastomer was measured
through the four-point probe resistivity test by the 4-Point probe
resistivity measurement system (RTS-8) with a size of 1 X 5 X 5 mm®.

2.3. Preparation of the Vinyl-SiO,. The synthesis of the vinyl-
SiO, was carried out following the method we had reported
before.'®*® At first, 3.5 g silica particles and 5 mL 3-aminopropyl
trimethoxysilane were added into a 250 mL flask followed by the
addition of toluene (200 mL) to form a uniform solution. After the
constant stirring of 12 h at 90 °C, the amino group-modified silica
(Si0,—NH,) could be obtained. Next, 1.2 g SiO,—NH, and 7.5 g &-
caprolactone were dissolved in 200 mL tetrahydrofuran. The hydroxyl
hybrid silica (SiO,-R-OH) could be obtained after the stirring for 12
h at room temperature. Finally, 1.3 g SiO,-R-OH, 0.5 mL
methylacryloyl chloride, and 0.45 mL triethylamine were added into
100 mL tetrahydrofuran under vigorous stirring for 12 h at room
temperature, and the vinyl-SiO, was obtained. All the modified silica
particles were collected by centrifugation and stored at 2—8 °C in a
nitrogen atmosphere.

2.4, Preparation of the Stretchable, Stable, and Self-
Healable Elastomers via Pickering Emulsion Polymerization.
Using the as-prepared vinyl-SiO, nanoparticles as the surfactant, a
series of samples with a variable content of MIGs were synthesized,
and they are denoted as ICE-MIG-y%, where y% represents the
content of MIG. In a typical procedure, 0.65 mL n-BA, 0.25 mL VI,
0.1 mL [EMIM]*[BF,]", 10 mg 2,2-diethoxyacetophenone, and 2 mg
Cu(Ac), were first mixed under violent stirring. With the introduction
of the vinyl-SiO, (15 mg/mL), a homogeneous solution could be
obtained. The precursor solution was transferred into a PTFE mold
(30 X 10 X 1 mm®) and polymerized under UV light for 1 h (4 = 365
nm, power = 8 W), and then the elastomer was obtained. The control
samples were fabricated in the same way, except without the
introduction of Cu(Ac),.

3. RESULTS AND DISCUSSION

The fabrication process and self-healing mechanism of the IL-
based elastomers featuring MIG particles as a conductive filler,
PnBA/SiO,/PVI (ILs, Cu®*), are described in Scheme 1. First,
the Pickering emulsion stabilized with inorganic nanoparticles
was prepared via mixing n-BA, VI, ILs, Cu(Ac),, DEAP, and
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Figure 1. (a) Thermogravimetric curve of ICE-MIG; (b) weight stability of the conductive elastomer at different test temperatures; (c)
temperature sweeping rheology test for ICE-MIG; (d) stability of the conductivity in the room or extremely high temperature after storing for a
long time; (e) weight and conductivity change of ICE-MIG under different humidity in different storage times.

vinyl-SiO, together. Upon ultraviolet light irradiation, the
polymeric network was formed to offer the IL-based
elastomers, which is chemically cross-linked via vinyl-SiO, as
a cross-linker and physically cross-linked via dynamic Cu**-
imidazole coordination interaction. The chemical bonds would
attribute to enhancement of the material’'s mechanical
properties, while the dynamically physical bonds endow the
obtained materials with excellent self-healing ability. Most
importantly, considering the delicate designed architecture, it is
envisioned that instability in open air and IL leakage during
repeated deformation could be well solved.

The vinyl-SiO, nanoparticles, which play the dual roles of a
surfactant and cross-linker, were prepared according to the
procedure illustrated in Scheme S1. The long hydrophobic
alkyl chain was elaborately introduced between the end vinyl
group and the surface of SiO,, which showed an obvious effect
on enhancing the stability of the Pickering emulsion.’® The
successful preparation of the vinly-SiO, was confirmed by FT-
IR and TGA techniques. As shown in Figure S1b, the peaks at
3130—3700 cm™ and 1720 cm™" could be attributed to the
surface —OH and C=O group stretching vibration,
respectively, implying the successful introduction of the
aliphatic hydroxylated chain onto the surface of silica. In
Figure Slc, the peaks observed at 1670 and 940 cm™
originated from the characteristic stretching of the vinyl
groups.‘“’32 Meanwhile, in comparison with SiO,—NH,, SiO,-
R-OH and vinyl-SiO, exhibited increasing weight loss (8 and
36%), further informing the successful tethering of aliphatic
vinyl chains onto the surface of silica (Figure $2).”* In
addition, the sharp weight loss at ~180 °C of vinyl-SiO, could
be ascribed to the instability of vinyl functional groups at high
temperatures.
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Using the as-prepared vinyl-SiO, as a surfactant, the oil-in-
oil Pickering emulsion was prepared by mixing active
monomers, photoinitiator, ILs, and copper salt under violent
stirring. The effect of vinyl-SiO, on the stability of the formed
Pickering emulsion can be obviously observed from Scheme 1.
Owing to the big polarity difference, the solution displayed
layered phase separation without vinyl-SiO,, while the color
difference completely disappeared in the presence of vinyl-
SiO,, implying the formation of a stable Pickering emulsion.
The prepared Pickering emulsions stabilized with vinyl-SiO,
were further observed by confocal fluorescence microscopy.
The polarized micrographs took the characteristic structure of
Pickering emulsion, as shown in Figure S3. The determined
size of the droplets analyzed using Image J was in the range of
5—20 um (Figure S4).

Being irradiated by ultraviolet light, the as-prepared
Pickering emulsion polymerized to produce the targeting
ICEs PnBA/SiO,/PVI-ILs. The 'H NMR spectrum of the as-
prepared elastomer shows that the characteristic signals
belonging to the vinyl monomers (n-BA and VI) were not
observed, confirming that there was no unreacted monomer in
the material (Figure SS). The n-BA phase formed the elastic
matrix, while the droplets containing VI monomers, ILs, and
copper salt formed the MIG particles as conductive fillers. As
the MIG particles were embedded into the hydrophobic PnBA
matrix, IL leakage and moisture absorption can be prevented,
so the obtained materials should possess excellent air and
conductive stability. As shown in the thermogravimetric curve
(Figure la), the elastomers exhibited ultrahigh temperature
tolerance (the decomposition temperature up to 225 °C in air
and 230 °C in N,, respectively), which was much higher than
that of the conventional gel-based electrolytes. Meanwhile,
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Figure 2. (a) Digital photograph of ICE-MIG-15% before and upon stretching; (b) stress—strain curves of the elastomers with different
concentrations of the MIGs; (c) tensile curves of the elastomers in the small strain range; (d) rheological stress sweeping measurements of different
samples with a shear frequency of S rad/s; (e) loading—unloading test of the different samples at a maximum strain of 500%; successive stretching—
releasing tests upon ICE-MIG-25% (f) in the small strain range (20—100%) , and (g) in the large strain range (200—1000%) without resting time
in each cycle; (h) repeated cyclic stress—strain curves of ICE-MIG-25% at a maximum strain of 500%.

they showed excellent stability in a broad range of temper-
atures under ambient conditions, and their weight remained
almost unchanged even after being stored for 30 h at 100 °C
(Figure 1b). Temperature sweep measurement was further
performed to investigate the material’s stability (Figure 1c).
During the whole temperature range (20—140 °C), the
conductive elastomer retained the solid-like state as the
storage modulus (G’) was always higher than the loss modulus
(G"). Notably, the modulus-temperature curves were almost
overlapping in two stages (heating and cooling), demonstrating
that the elastomers had cycling thermal stability. The
elastomers also displayed stable conductivity, which was
confirmed by the material’s relative conductivity (o/0,)
remaining nearly constant at low temperature (30 °C) or
high temperature (100 °C) for more than 50 h (Figure 1d).
The excellent thermal stability of the fabricated ionic
elastomers ICE-MIG should be attributed to the unique
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features of ILs and their unique structure featuring MIG
particles being embedded into the PnBA matrix, which could
efficiently prevent the evaporation and leakage of ILs. The
effect of humid conditions on the properties of the prepared
conductive elastomer was further investigated, as shown in
Figure le. After the long-term storage (more than 30 h) under
different humidity conditions, the weight and conductivity of
the elastomers remained almost unchanged, indicating the
excellent humidity insensitivity and stability. These results
indicated that the fabricated elastomers could be used in a
wide range of temperatures in open air because of the
combination of high thermal and air stability.

The as-prepared elastomers are chemically and physically
cross-linked via the vinyl-SiO, located on the interface of the
PnBA matrix and ionogels and the dynamic Cu’*-imidazole
coordination interaction inside the ionogels. The synergistic
effect of chemical bonds and metal—ligand coordination would

https://doi.org/10.1021/acs.chemmater.1c03547
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Figure 3. (a) Schematic illustration of the self-healing performance of ICE-MIG-25%; (b) XPS spectra of the N 1s region of ICE-MIG-25% and the
control sample without Cu®*; (c) tensile curves of ICE-MIG-25% in the original and healed (healing for 12 and 24 h in the standard atmosphere,
25 °C, RH = 50%) state; (d) summary of the tensile strength and maximum elongation of the conductors in different states; (e) dynamic sweeping
rheology test of the conductor; dynamic mechanical behaviors of (f) ICE-MIG-25% and (g) ICE-MIG-25% without Cu?*; (h) comparison between

ICE-MIG-25% and the other conductors reported previously.

endow the obtained elastomers with improved mechanical
properties. Figure 2a shows that the prepared conductive
elastomer possessed a high stretchability. In particular, ICE-
MIG-15% could be stretched to almost 45 times its original
length, which was better than that of ordinary conductive
elastomers. A series of tests had been conducted to investigate
the mechanical properties of the elastomers. The tensile curves
of the elastomers with different ionogel contents are shown in
Figure 2b. In particular, the sample ICE-MIG-15% exhibited
an ultrastretchability with 4450% maximum elongation at
break. Meanwhile, it is observed that the tensile properties of
the as-prepared elastomers were obviously enhanced with the
increase of the MIG contents. The fracture stress of the
elastomers increased from 150 kPa to 1.61 MPa with the
increase in the content of the MIGs from 15 to 30%.
Furthermore, with the increase of the content of MIG particles,
Young’s modulus of the as-prepared elastomers gradually
increased from 0.20 to 0.94 MPa in the small strain range
(Figure 2c). In addition, the effect of Cu**-imidazole
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coordination on the mechanical properties of the materials is
also investigated. The maximum elongation and strength at
break of the control sample without Cu** (1190% and 0.47
MPa) are much lower than those (1460% and 1.03 MPa) of
the sample with Cu** (Figure S6). The elastomer ICE-MIG-
25% reached superior mechanical properties with a fracture
strength of 1.03 MPa and a fracture stain of 1460%; thus it was
used as the optimal sample for the following measurements
unless otherwise mentioned.

Because of the synergistic effect of dense chemical bonds
and dynamic Cu**-imidazole coordination interaction, the
resulting polymeric network should have excellent mechanical
properties. The rheological sweeping test was performed to
investigate the samples, and all the samples exhibited a solid-
like state (G’ > G”) in the low-stress range, which further
confirms the cross-linking presence in the system (Figure 2d).
Subsequently, a series of cyclic tensile loading—unloading tests
were performed. First, the cyclic tensile test was conducted on
the elastomers with different contents of the MIGs at a
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Figure 4. (a) Resistance—temperature relative curve of the ICE-based thermoresistive sensor in a wide temperature range (10—150 °C); (b)
comparison of the detection temperature range between this work and the previous work; the uninterrupted step temperature sweeping test at (c)
room temperature (35—40 °C) and (d) extremely high temperature (90—100 °C).

maximum strain of 500%, which exceeds the strain range of
most normal carbon material composite elastomers (Figure
2e). An obvious hysteresis loop was observed for each sample,
and the hysteresis loop area increased with the increase of the
MIG content, implying efficient energy dissipation via the
fracture and reconstruction of Cu**-imidazole coordination.
Using the elastomer ICE-MIG-25% as the optimal sample, the
cyclic tensile tests with different strain were further performed
to evaluate the toughness and elastic properties of the
elastomers. First, cyclic tensile tests were performed within a
small strain range (20—100%) without waiting time between
two consecutive loadings. Figure 2f shows that the elastomer
could almost recover its original state in every cycle, revealing
that the elastomer possessed excellent resilience within the
strain of 100% feasible for many practical applications. Second,
cyclic tensile tests were performed within a large strain range
(200—-1000%) (Figure 2g). Larger hysteresis loops were
observed with the maximum strain increasing from 200 to
1000%, because of the break of more covalent bonds during
deformations. To further demonstrate the cycling stability of
the prepared elastomer, 10 repeated cyclic tensile tests without
waiting time between two consecutive tests were performed
under a larger strain of 500%. As shown in Figure 2h, the curve
in the first cycle displayed a pronounced hysteresis loop, which
indicated a significant energy dissipation through the rupture
of the dynamic bonds during the stretching process. As
compared, the hysteresis loop in the first cycle was much larger
than others because the broken dynamic bonds could not
rapidly recover to their original state. In sequential tests, the
hysteresis loop slightly decreased with the increase of the cycle
because of the reformation of the dynamic bonds. It is worth
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mentioning that, after resting for 1 h at room temperature, the
fracture stress of the sample recovered to almost 50% that of
the first cycle, implying the good elastic recoverability of the
prepared elastomers.

Benefiting from the concentrated dynamic metal-ligand
coordination bonds in the MIGs, ICE-MIG-25% exhibited self-
healing performance at room temperature (Figure 3a). As
shown in Figure 3b, ICE-MIG-25% showed a higher intensity
of N 1s compared with the control sample without Cu*,
indicating the successful formation of the Cu**-imidazole
coordination complexes. The binding energy of Cu**-imidazole
was about 401 eV. The tensile tests in different healing times
were conducted to investigate the healing efficiency of the
conductive elastomer (Figure 3c). After healing for 12 h, the
tensile strength and maximum elongation could recover to 0.59
MPa and 1067%, respectively. By further extending the healing
time to 24 h, the elongation ratio at break recover almost
completely and the healing ratio was up to 98% (Figure 3d).
By contrast, the control sample (ICE-MIG-25% without Cu®*)
did not exhibit self-healing performance (Figure S7). Then, the
dynamic sweeping rheology test was conducted to investigate
the self-healing behavior of ICE-MIG-25%. As shown in Figure
3e, the storage modulus (G') was higher than the loss modulus
(G”) as the shear strain was 0.5%, indicating that the elastomer
remained in the solid-like state. However, G” surpassed G’ as
the shear strain shifted from 0.5 to 100%, indicating the
rupture of the polymer network. Once the strain shifted back
to 0.5%, G' and G” recovered instantly and completely,
confirming the immediate self-healability of the prepared
elastomers. Rheological master curves at a reference temper-
ature of 25 °C showed that the resultant elastomer displayed
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Figure S. (a) Schematic illustration of the ICE-based capacitance sensor; (b) capacitance relative curve of the sensor in the range of 0—400%; (c)

capacitance patterns at different strains; (d) electronic signals in the

stepwise stretching—releasing tests in the small strain range (5—25%); (e)

capacitance—strain curves at increased stretching rates (50—200 mm/min); (f) sensing response time of the sensor; (g) cyclic test of the electronic
sensor for 1000 cycles at a strain of S0%; (h) comparison of electronic patterns of the sensor before and after self-healing.

elastic state (G’ > G”) over the whole frequency range and its
dynamic modulus followed time—temperature superposition
(Figure 3fg). The relaxation time was estimated according to
the viscoelastic peak in the master curve. The relaxation time
for the sample with Cu®* (17.2 min) was much shorter than
that of the sample without Cu** (5.5 h). The short relaxation
time indicates the rapid self-healing kinetics. Compared with
the currently reported stretchable conductors, this elastomer
system possessed the combination of excellent modulus, high
stretchability, autonomous self-healing, intrinsic conductivity,
and stability in a wide range of temperatures under open
air.”*™*" As we know, there is a trade-off between the
material’s modulus, self-healing efficiency, and stretchable
ratio, and the improvement of the material’s modulus
commonly leads to reduced shelf-healing efficiency and
elongation ratio. Thus, the conductive elastomers, which
maintain a high modulus as well as good stretchability and

autonomous self-healing, have been rarely reported in the
literature, as displayed in Figure 3h.

Based on the temperature responsiveness and stability, the
as-prepared elastomers could be assembled into a simple
resistive thermosensitive sensor to monitor the outside thermal
stimulus (Figure S8). Resulting from the different migration
rates of the ions at different temperatures, the sensor’s
resistance exhibited a temperature-dependent behavior, and it
could be approximately fitted to an exponential function (y =
—94.6 + 707.3 X 0.93%), with a high coefficient of
determination (R* = 0.999) (Figure 4a). Notably, because of
the advantages of the low saturated vapor and high thermal
stability of ILs, the IL-based thermosensitive sensor exhibited
an extremely wide temperature application range (10—150
°C), which was significantly wider than that of most of the
reported thermosensitive sensors (Figure 4b).**™* The
uninterrupted step temperature sweeping test was conducted
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Figure 6. ICE-based sensor was attached on a puppet, simulating the movement of the human body, to monitor the human motion. (a) Electronic
patterns of the puppet was gentle touching, bending the elbow, bending the knee, and bending the wrist, respectively. (b) 70 subsequent

capacitance responses at a wrist bending angle of 80°.

to assess the thermal sensitivity (Figure 4c,d). With the precise
temperature control of the heating source, the resistance curve
displayed a wavy shape in the range of the near-body surface
temperature (35—40 °C). Additionally, in the high temper-
ature range (90—100 °C), the sensor could also respond
sensitively to the change of the temperature.

The MIG composite conductive elastomer could be
fabricated into the capacitive mode strain sensor with the
multilayer structure for the future human motion monitoring.
Typically, a capacitance sensor was fabricated by integrating
two pieces of ICE-MIG-25% with a VHB tape and then sealed
by two pieces of VHB tape again (Figure Sa). The relationship
between the deformation of the device and the capacitance
follows eq 1:

ES

= 4nkd (1)

where C is the capacitance, € represents the dielectric constant
of the middlemost VHB tape (severing as the dielectric layer),
k is the electrostatic constant, s is on behalf of the effective area
of the elastomer (severing as the conducting layer), and d is
the thickness of the dielectric layer. Upon the sensor being
stretched, the expanding area of the elastomer would result in
the increase of the capacitance, which could be recorded by the
LCR meter. Figure Sb shows the relative capacitance changes
versus the applied strain ranging from 0 to 400%. The relative
curve was nearly linear with a GF of 1.0S, indicating the high
detection sensitivity of the sensor. Applied with the increasing
strain (25—200%) at a fixed strain speed, the relative resistant
changes gradually increased, and the electric signals were stable
and repeatable during the stretching, further demonstrating the
sensor’s high conductive stability (Figure Sc). In addition, this
strain sensor showed excellent detection accuracy, and the
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deformation with small strains (<25%) could also be detected
sensitively. As demonstrated in Figure Sd, the relative
capacitance changes increased stepwise with the strain
increasing from 5 to 25% during the stretching process.
While in the sensor-releasing process, the capacitance response
returned to the original value. It should be noted that the
capacitance change during the releasing process remained the
same height as that in the stretching process. In Figure Se, the
capacitance change level of the sensor remained relatively
steady under 50% strain when the deformation rate increased
from 50 to 200 mm/min, implying its excellent frequency
tolerance. In addition, the sensor exhibited fast response and
recovery times of 200 ms, which are comparable to those
reported in the literature (Figure Sf). In the cycling tests, this
sensor still exhibited excellent cycling stability without an
obvious shift of the baseline in the whole procession during
1000 cycles (Figure Sg). Finally, benefiting from the self-
healing performance of ICE-MIG-25%, the ICE-based sensor
also exhibited an excellent self-repairable sensing property. As
shown in Figure Sh, the capacitive pattern of the healed sensor
was similar to the original state after healing for 12 h.

To further investigate the practical application performance,
the ICE-based sensor was attached to the puppet to monitor
the real-time activities. Figure 6a shows that the electronic
signals correspondingly changed as we gently touched the
puppet and bent its elbow, knee, and wrist, respectively.
Notably, all the signal patterns were repeatable and the
baseline was always stable. To evaluate the circulation stability
of the ICE-based sensor for practical applications, 70
subsequent tests at a wrist bending angle of 80° were
conducted (Figure 6b). During the whole process, this sensor
exhibited stable sensing performance without any obvious

https://doi.org/10.1021/acs.chemmater.1c03547
Chem. Mater. 2022, 34, 1110—-1120


https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03547?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03547?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03547?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03547?fig=fig6&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c03547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

response deviation, attributing to the excellent flexibility and
remarkable durability.

4. CONCLUSIONS

In summary, this investigation reported a new class of ICEs
featuring MIG particles as conductive fillers via facile one-pot
Pickering emulsion polymerization. The resulting materials
exhibited unique properties which contributed to ILs,
including good conductivity and a wide operating temperature
range. In addition, the elastomers are highly stretchable,
mechanically robust, and sensitive to a board range of strains.
Moreover, owing to the Cu,*-imidazole interaction inside PVI-
ILs, the elastomers displayed the advantage of a spontaneous
self-healing property at room temperature without needing any
external stimuli, which is crucial for prolonging the service life
of the flexible electronic devices. Importantly, the as-prepared
elastomers exhibited high stability without the issues of weight
change and IL leakage confronted by conventional IL-based
elastomers. Considering these desirable functionalities, the as-
prepared elastomers were employed to assemble into strain
sensors, which could accurately detect various human motions.
Overall, a new simple yet efficient strategy was developed for
the fabrication of stable IL-based elastomers, which can further
be extended to fabricate new types of IL-based elastomers
because of the diversity of the elastic matrix and ILs.
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