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Transparent, mechanically robust, conductive, self-
healable, and recyclable ionogels for flexible strain
sensors and electroluminescent devicest

Zhenkai Huang,? Liguo Xu,© Peijiang Liu® and Jianping Peng (2 *°

A mechanically robust, self-healable, and recyclable PVP-based ionogel was achieved through a simple
one-pot photoinitiated polymerization process. This ionogel exhibits a combination of excellent
properties, including transparency, high mechanical strength, good ionic conductivity, self healability,
and recyclability. A wearable resistive strain sensor based on the ionogel is successfully assembled and
demonstrated accurate response to human motion. Moreover, a flexible electroluminescent device has
been fabricated based on our ionogel, which can maintain optimal luminescence functionality even
when subjected to bending. Considering the simple preparation method and excellent applications, we
believe that our PVP-based ionogel has promising applications in many fields such as in wearable

rsc.li/rsc-advances

1. Introduction

Ionogels have recently garnered significant attention due to
their exceptional properties, including high stretchability,
chemical stability, good conductivity, and optical trans-
parency."” These materials are widely utilized in strain sensors,
flexible light-emitting devices, human-machine interfaces, and
various other applications.*® However, due to relatively weak
mechanical properties, the ionogel is susceptible to damage
during its service life.* Besides, the irreversible cross-linking
structures within certain ionogels prevent network reconstruc-
tion once damaged, leading to environmental pollution and
resource waste. Consequently, the development of self-healable
and recyclable ionogels with high-strength and stretchability is
crucial for advancing the field of flexible ionotronics.

To date, various self-healing ionogels have been developed
by incorporating dynamic interactions into the polymer
network, including hydrogen bonding, % mw-m stacking,® ion—-
dipole interactions, *** and supramolecular interaction.'>*> For
instance, our research group has previously published findings
on the gelation of ionic liquids by means of locking them in
a polymer network through ion-dipole interactions between
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devices, electronic skin, implantable materials, robotics and human—machine interfaces.

fluorinated polymer networks and ionic liquids.*®*® Further-
more, acrylamide can achieve physical cross-linking of the
polymer network through hydrogen bonding interactions in
ionic liquids without chemical cross-linkers.'*** Yan et al. and
Wau et al. also demonstrated the potential of reversible dynamic
interactions to impart self-healing capabilities to ionogels.***>*¢
However, the harsh environment of practical application
scenarios places higher demands on the mechanical properties
of these ionogels. Therefore, developing high-performance
recyclable conductive ionogels with superior mechanical prop-
erties and excellent self-healing performance remains a signifi-
cant challenge.

The incorporation of fillers,"”*® fibers,"*° or additives*** has
been demonstrated to effectively enhance the mechanical
properties of gels or elastomers. For instance, Suo et al. ach-
ieved a synergistic improvement of rubber materials in terms of
modulus and fatigue threshold by introducing dispersed silica
nanoparticles into elastomers.”” Yu et al. reported an electrically
conductive hydrogel composite with silver nanowires, in which
the silver nanowires together with polyacrylamide form
a composite network structure that exhibits the properties of
both steel and concrete. This composite network structure
imparts excellent toughness and fatigue resistance to the
hydrogel.”® Xu et al. reported a tendon-mimicking hydrogel
made of aramid nanofibers composited with poly vinyl alcohol,
in which the hard nanofibers endowed the gel with excellent
mechanical properties.” Wu et al. obtained a fatigue-resistant
self-repairing composite ionic skin by introducing nanofibers
obtained by electrostatic spinning into an ionogel." However,
these methods are often perceived as cumbersome and
complex. In addition, the incorporation of some fillers can
make it difficult or impossible to recycle the ionogel.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Studies have shown that the entanglement of ultra-high
molecular weight polymers can effectively enhance the
mechanical properties of gels or elastomers, thus offering
unique advantages.>® For example, Suo et al synthesized
hydrogel polymer networks that were dominated by dense
entanglements.” The dense entanglements of the polymers
confer high toughness, strength, and fatigue resistance upon
the hydrogel. Polyvinylpyrrolidone (PVP) is a polymer
compound formed by the polymerization of N-vinyl-2-pyrroli-
done.>® It typically has a high molecular weight and good
solubility, being soluble in water, ethanol, chloroform, and
most organic solvents. Due to the presence of abundant lactam
groups in the molecular chain, it can form hydrogen bonding
interactions with other functional groups.>*® Moreover, PVP is
commercially available, which significantly reduces the diffi-
culty and cost of preparing the materials.*® Therefore, adding
ultra-high molecular weight PVP to the polymer matrix is ex-
pected to further enhance the mechanical properties of ion-
ogels. Combining reversible hydrogen bonding interactions
with the chain entanglement of ultra-high molecular weight
polymers to construct a physically cross-linked polymer network
holds great potential for designing polymer materials with high
mechanical strength, recyclability, and excellent self-healing
capabilities at room temperature.

Herein, we present a simple and controllable method for
preparing conductive ionogels with excellent mechanical
properties through reversible interactions and the entangle-
ment of polymer chains, enabling self-healing of both
mechanical and electrical properties. Introducing high molec-
ular weight PVP into the polymer matrix enhances the
mechanical strength of the ionogel. Due to the reversible
recovery of interactions and molecular chain entanglement, the
ionogel can achieve self-healing under room temperature and
recyclability with the assistant of solvent. The conductivity and
elasticity of the ionogel allow for its assembly as a flexible strain
sensor, which has been demonstrated to exhibit accurate
sensing performance. Besides, the transparency and ionic
conductivity of the ionogel make it a promising candidate for
use in flexible electroluminescent devices.

2. Results and discussion

2.1. Synthesis and characterization of the PVP based ionogel

The design principle is to combine a flexible, self-healing, and
recyclable polymeric matrix with a hydrophobic and conductive
IL. In view that polyacrylates are typically soft polymeric mate-
rials with good stretchability and transparency, we chose
fluorine-containing 2,2,2-trifluoroethyl acrylate (TFEA), as well
as acrylamide (AAm), which provides abundant hydrogen-
bonding interactions, as the monomers to form the polymer
matrix by copolymerization. A hydrophobic imidazolium con-
taining IL, 1-ethyl-3-methylimidazolium bis(tri-
fluoromethanesulfonyl)imide ([EMIM][TFSI]), was selected to
be the conductive and transparent electrolyte salt.">'* Moreover,
for the further improvement of the mechanical properties of the
ionogel, a commercially available polymer, PVP, was selected
and blended into the ionogel network.?® This polymer has good

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solvent compatibility, ultra-high molecular weight, and abun-
dant hydrogen bond interactions. The ionogels were prepared
via a facile one-pot photo-initiated copolymerization of TFEA
and AAm in the PVP solution in [EMIM][TFSI|, without any
chemical cross-linkers in custom-made silicone molds. The
chemical structure and the reversible interactions of the ionogel
is illustrated in Fig. 1a. The previous study of our group indi-
cated that when the monomer ratio of AAm to TFEA is 50% and
the ratio between polymer and ionic liquid is 40%, the resulting
ionogel exhibits optimal properties. Consequently, in this work,
the amount of TFEA, AAm, and ionic liquid is fixed to the
optimal proportion, and the mechanical properties of the
prepared ionogels are modified by adjusting the mass ratio of
the added PVP. The ionogels were termed as ionogel-x, where
x% is the PVP mass fraction to the ionogel. To investigate the
effect of PVP polymer content on the mechanical and ionic
conductivity properties of the ionogels, the PVP mass fraction
was systematically changed from 2.5 to 15 wt% (Table S1t). The
precipitation of the precursor solution at room temperature was
observed to occur at an even higher PVP content. In this way,
two dynamic interactions-ion-dipole interactions from the -CF;
groups on the polymeric matrix and hydrogen bond interac-
tions from AAm and PVP-were introduced into the polymer
networks, resulting in a dynamic physical crosslinked recy-
clable self-healing ionogel.”®

Importantly, the high miscibility among PVP, P(TFEA-co-
AAm) matrix, and [EMIM][TFSI] ensured good homogeneity of
the ionogels and thus remarkable optical transparency, which
was a critical parameter for optical ionotronic, such as electro-
luminescent devices.*® As shown in Fig. 1b, the as-prepared 1.8
mm-thick ionogel-7.5 displayed excellent transparency with an
average transmittance of 92.28% in the visible light region (400-
800 nm). The as prepared ionogel samples exhibited robust
mechanical strength, demonstrating the ability to support
aweight of 0.5 kg (Fig. 1¢) and undergo deformation in response
to finger bending (Fig. 1d). Furthermore, the excellent stretch-
ability of the ionogel is evidenced by the stretching and twisting
experiments (Fig. 1e).

The ionic liquid [EMIM][TFSI] could interact with the —-CF;
groups on the polymeric matrix through the well-documented
ion-dipole interactions,”*" which help enhance the compati-
bility of the IL with the polymer matrix and improve the stability
of the ionogels. Meanwhile, the hydrogen bond interactions
between PVP and P(TFEA-co-AAm) polymer matrix endow the
ionogel with robust mechanical properties and self-healing
properties.’>* The successful synthesis of the physical cross-
linked ionogel was confirmed using Fourier-transform
infrared spectroscopy (FT-IR). As shown in Fig. 2a and S1,}
the FT-IR spectrum of the PVP based cross-linked ionogel
exhibits the emergence of distinctive absorption bands at
1754 cm ™' and 1151 cm ™, which can be attributed to the C=0
and CF; groups of the polymer.'**' The synergistic effect of ion-
dipole interactions and hydrogen bond interactions endowed
the ionogel with good mechanical properties, recyclability, and
autonomous self-healing ability.

Thermogravimetric analysis (TGA) was carried out to eval-
uate the thermostability of the ionogels. As shown in Fig. 2b, the
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Fig.1 Schematic illustration for the design of the PVP based ionogel. (a) A flexible P(TFEA-co-AAm)-PVP copolymer network with polar —CFs,
amide, and lactam groups interacted with a mobile IL [EMIM][TFSI] to form physically crosslinked ionogels. The ionogels can self-heal through
highly reversible ion—dipole and hydrogen bonding interactions. (b) Transmittance spectrum of the ionogel with a film thickness of 1.8 mm. An
average transmittance over 92% was recorded in the visible range (400-800 nm). (Inset) Photograph of the film over an image of flowers. (c)
Photograph of an ionogel (20 mm x 5 mm x 1.8 mm) holding up a weight of 500 g. (d) Photographs of an ionogel under bending. (e)
Photographs of an ionogel (20 mm x 8 mm x 1.8 mm) before and being stretched to 7 times its original length with and without twisting. The

side length of the background grid is 10 mm.

ionogel-7.5 exhibited two steps of weight loss in the tempera-
ture range of 250 °C to 500 °C, which corresponds to the
decomposition of the polymer matrix and ionic liquid under
high temperatures. Taking a weight loss of 5% as the thermal
decomposition temperature, through calculations, the thermal
decomposition temperature of ionogel-7.5 is determined to be
181 °C. This can be attributed to the high thermostability of the
[EMIM][TFSI] ionic liquid. Such a high thermal decomposition
temperature indicates that the PVP based ionogel have good
heat resistance and thermal stability. The decomposition
voltage of ionogel-7.5 obtained from the linear sweep voltam-
metry curve exceeded 3 V (Fig. 2¢), demonstrating a wide elec-
trochemical window and high electric stability of the PVP based
ionogels.

Rheology tests were performed to evaluate the viscoelastic
properties of the ionogel-7.5. It can be seen from Fig. 2d that

28236 | RSC Adv, 2024, 14, 28234-28243

within the frequency range of 0.1-100 rad s, as the frequency

increases, both the storage modulus (G') and loss modulus (G”)
show an increase. Furthermore, the value of the storage
modulus of all samples is always larger than the loss modulus,
suggesting that the elastic property of the ionogel is predomi-
nant over the whole frequency range and that the material
primarily undergoes elastic deformation during stretching.

2.2. Mechanical properties

By tuning the mass fraction of the PVP (2.5-15 wt%), a series of
ionogels with different mechanical properties were obtained. As
shown in Fig. 3a and Table S2,7} all the tested ionogels exhibited
good mechanical strength (tensile stress up to 2.04 MPa) and
stretchability (breaking strain up to 1484%). With a PVP content
increase from 2.5 wt% to 15 wt%, the tensile stress and elon-
gation varied from 0.92 MPa and 1484% to 2.04 MPa and 891%,

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05446f

Open Access Article. Published on 04 September 2024. Downloaded on 2/13/2026 2:52:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
a 0.9 b 100 lonogel-7.5
v(CF;)
FromIL
80f i
o 0.6 =
g L
8 £ % 95%
[e] - o,
2 L wc=0) 0] 181 °C
2 04 Fro:n polymer = 40t
20t
0.0
" " n L L 0 " n N "
1800 1500 1200 900 600 100 200 300 400 500
Wavelength (cm™) Temperature (°C)
C 10 d 10°
lonogel-7.5 G'
8 e
< _10%
E o g
e, o
3 Around 3V O otk
2 \
0 L N N N 103 I Tt L L
0 1 2 3 4 0.1 1 10 100

Potential (V) w (rad s)

Fig. 2 Physical properties of the PVP based ionogels. (a) ATR-FTIR spectra of the PVP based ionogel-7.5. (b) TGA curves of the ionogel showing
high thermal stability with a decomposition temperature (at 5% weight loss) of 181 °C. (c) Linear sweep voltammetry curve of ionogel-7.5 showing
the decomposition voltage of around 3 V. (d) Storage modulus G’ and loss modulus G” of ionogel-7.5.

respectively. As expected, an increase in the PVP content would density of the polymer matrix and hydrogen bonding interac-
result in higher maximum tensile stress, higher Young's tions. The toughness of ionogels in different proportions is
modulus, and lower stretchability, owing to the increased determined by integrating the stress-strain curve of the
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Fig. 3 Mechanical properties of the PVP based ionogels. (a) Stress—strain curves of the ionogels prepared from varied mass ratios of PVP with
1250 kg mol L. Corresponding true stress (b) and corresponding differential modulus curves (c) of the ionogel as a function of elongation. Cyclic
stretch—release curves of the ionogels were conducted under (d) 200% and (e) 500% strain. (f) Cyclic compressive—recovery test of the ionogel
with 50% strain.
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corresponding ionogel. Among the samples, ionogel-7.5 showed
the highest toughness of 6.80 MJ m > with a breaking stress of
1.74 MPa and a breaking strain of 1194%. The hydrogen
bonding and ion-dipole interactions might contribute to the
stability of the ionogels to avoid leaking during large strain.
Interestingly, judging from the true stress-elongation curves
(Fig. 3b) and the corresponding differential modulus-elonga-
tion curves (Fig. 3c), the ionogel-7.5 exhibited clear strain-
stiffening behavior.®»* It is noteworthy that the differential
modulus-elongation curves of the ionogel show a unique
sigmoid shape, which coincides exactly with the deformation
response of natural.®»* Specifically, the ionogel-7.5 sample
showed a 32-fold modulus enhancement in the tensile test.

To further investigate the viscoelastic property of the PVP
based ionogel, cyclic tensile tests were carried out, from which
the residual strain and the hysteresis ratio could be obtained.
Upon subjecting the material to successive cyclic tensile tests
under a large strain of 500% or a small strain of 200%, it was
observed that the tensile strength exhibited a gradual decline
with the increasing number of cycles (Fig. 3d and e). This
indicated that the noncovalent bonds in the network, which
were only partially broken, were unable to recover immediately.
As shown in Fig. 3d, hysteresis loops and residual strains were
recorded in the loading-unloading curves under the pre-
determined strains. With an increase of cycle number, the
hysteresis ratio and maximum strength of the loading-
unloading cycles both decreased. The tensile stress of the
second cycle was found to be lower than that of the first cycle,
and a residual strain of 7% was observed following the initial
stretch-release cycle. Following 50 cycles of the stretch-release
method, the residual strain remained at approximately 20%,
and the hysteresis of tensile strength was no longer discernible
(Fig. S27). The appearance of hysteresis loops in the loading-
unloading cycle of the tensile tests was related to the partial
breaking of the reversible noncovalent interactions in the ion-
ogel, including the hydrogen bonding and the ion-dipole
interactions in this case. This phenomenon of energy dissipa-
tion is a common occurrence in a multitude of gel systems that
are characterized by non-covalent interactions.***

As the cyclic tensile strain is increased to 500%, the rate of
decrease in the strength of the ionogel with the number of
stretches accelerated significantly, reaching a point where only
21% of the original strength was maintained after 100 stretches
(Fig. 3e and S37). The application of minor strains results in the
disruption of partial interactions, which subsequently leads to
the dissipation of energy. As the strain increases, more inter-
actions and chain entanglements are further disrupted, leading
to an increase in energy dissipation. Consequently, the higher
the strain, the greater the energy dissipation, which ultimately
leads to the rupture of the crosslinked network.*® As a result, the
ionogel is unable to immediately fully restore its initial shapes
after large tensile strains. Nevertheless, ionogel-7.5 samples are
capable of fully restoring their original length within a 3 minute
period following a 5-fold extension of their original length
(Fig. S4t). The hydrogen bonding motifs functioned as the
“temporary crosslinking sites” when the ionogels were sub-
jected to a tensile strain at a relatively high strain rate. While
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some hydrogen bonds were disrupted, the majority remained
intact, thereby preventing the polymer chains from sliding
freely. Consequently, the ionogels are capable of withstanding
tensile strain to a certain extent and subsequently returning to
their original dimensions.

Furthermore, ionogel-7.5 demonstrated noteworthy resilience
and fatigue resistance in the consecutive compressive test. At
a compressive strain of 50%, the stress-strain curves recorded in
100 cycles exhibited minimal variation (Fig. 3f and S57). The good
resilience and cycling stability of the ionogels can be attributed to
the synergistic effect of multiple reversible interactions formed
between the polymer matrix and ionic liquid.****

2.3. Self-healing and recycle properties

The reversibility of hydrogen bonding interactions and ion-
dipole interactions endow the physically crosslinked ionogel with
both mechanical and electrical self-healing capabilities. To
assess the self-healing capacity, the ionogel-7.5 was bisected with
a razor blade. The resulting two pieces were then gently pressed
together and incubated in a thermostatic oven under a pre-
determined time (Fig. 4a and b). The ionogels self-healed for 48
hours at room temperature, demonstrating resilience to tensile
and curving deformations and maintaining comprehensive
wound healing (Fig. 4c and d). It is noteworthy that the ionogel
demonstrated the capacity to lift a 0.1 kg weight after 48 hours of
self-healing, as shown in the Fig. 4e. Following a designated
period of self-healing, the efficiency of the ionogel was quantified
through tensile testing, with the stress—strain curve of the healed
sample compared to that of the original. As shown in Fig. 4f, the
sample healed for 2 h could be stretched up to 500% before
breaking. Upon extending the self-healing time to 48 hours, the
ionogel can be stretched to 1040% with a breaking strength of
1.3 MPa and a self-healing efficiency of 70%. In this case, the self-
healing capability of the ionogels was achieved through the re-
entanglement of polymer chains (both PVP and P(TFEA-co-
AAm)) and the reversible nature of reversible dynamic interac-
tions, as illustrated in Fig. 1c. An increase in time enhances the
entanglement of polymer chains and the recovery of dynamic
interactions, thus facilitating the healing process.*” To investigate
the effect of different cutting directions on the self-healing
properties of the ionogels, self-healing experiments of PVP-
based ionogels under different cutting directions were conduct-
ed. The results indicate that there is no discernible difference in
the strength and elongation at break exhibited by the ionogels
under different cutting directions after self-healing at the same
room temperature for 24 hours (Fig. S7t).

The incorporation of self-healing materials offers a range of
benefits in electronic devices, conductors, and sensors. In this
work, a self-healing ionogel circuit was fabricated using self-
healing ionogel-7.5. To demonstrate the electrical healing
performance of the ionogel, a rectangular ionogel sample was
connected to a circuit comprising a light-emitting diode (LED)
light and a battery. As shown in Fig. S6,{ initially, the PVP based
ionogel exhibited good conductivity, and the LED was turned on
when a current was applied. Once the sample was cut off with
a blade, the circuit was broken, and the LED was turned off. But,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The self-healing properties and recyclability of the ionogels: photographs of (a) the original and (b) the healed samples. The self-healed

samples can withstand (c) bending, (d) stretching, and (e) 100 g loading;

(f) stress—strain curves of the ionogel-7.5 healed at room temperature for

different times. (g) The ionogel is dissolved and recast in a good solvent to achieve recycling. (h) Representative stress—strain curves of original
ionogel-7.5 (blue line) sample and samples after recycling once (red line) and twice (yellow line).

when the severed ionogels were brought into contact and
allowed to heal for several minutes, the conductive pathway
would be restored, and the LED was turned on again, demon-
strating the electrical self-healing property of the ionogel.

The recycling of covalently cross-linked ionogel has generally
been a challenging endeavor due to the necessity of destroying
at least one rigid, irreversible covalent bond during the recy-
cling process, which inevitably results in a loss of mechanical
properties. The field of current research is confronted with
a significant challenge in providing reliable mechanical prop-
erties through fully reversible non-covalent bond interactions,
particularly in comparison to covalent bonds. However, through
the use of reversible entanglement, hydrogen bonds, and ionic
bonds between the linear segments, ionogels can be recycled
and reused.'® To demonstrate the recyclability of the ionogel,
arectangular sample of the ionogel was cut into pieces and then
dissolved in ethanol (Fig. 4g). After stirring, the solution
becomes uniform and transparent, and is slowly injected into
the mold to prevent the formation of bubbles. As the solvent
slowly evaporates, the solution in the mold gradually trans-
forms into an ionogel and exhibits mechanical strength similar
to that of a pristine ionogel (Fig. 4h). The recyclability of this
ionogel makes the process of using the material more envi-
ronmentally friendly, minimizing waste and pollution.*>* We
believe that the application of this ionogel will contribute to the
sustainable development of the world.

2.4. Electrical performance and strain sensor application

The ionic liquid infiltrates the ionogels and migrates within the
polymer matrix, thereby endowing the ionogels with high ionic

© 2024 The Author(s). Published by the Royal Society of Chemistry

conductivity. Through EIS tests, the Nyquist plot of 4 ionogel-7.5
samples were shown in Fig. 5a, revealing good conductivity
(~1.02 mS em™" at 25 °C) reproducibility across batches of
samples. The ionic conductivity was calculated by the equation
of ¢ = L/RS, where L was the thickness of the sample, R was the
bulk resistance obtained by the Nyquist plot of impedance
spectra, and S was the cross-sectional area of the ionogel
sample. For comparison, we provide a summary of the five key
parameters of our PVP-based ionogel versus 6 recent represen-
tative recyclable ionogel materials (Table S3t).*%'*1434% Tt ig
clearly evident that our PVP-based ionogel exhibits a combina-
tion of comprehensive superiorities. Benefiting from its high
ionic conductivity, robust mechanical strength and stretch-
ability, ionogel-7.5 has been found to be an ideal material for
the manufacture of high performance resistive flexible strain
sensors. As shown in Fig. 5b and Movie S1, the relative real-
time resistance change (AR/R,) of the sensor based on the ion-
ogel was monitored at varying strains, spanning a range of 0 to
300%. The gauge factors (GF) within the strain ranges of 0-
300% were calculated to be 0.58, indicating good sensitivity.
Cyclic stretching and releasing of the sensor under low strains
(0.1-5%) and high strains (10-100%) showed accurate and
reversible resistance responses (Fig. 5¢ and d).

To demonstrate the reliability and durability of the flexible
strain sensors under prolonged and multiple strain responses,
long cycling experiments were conducted. The experimental
results demonstrate that the flexible sensor assembled based on
our ionogel is capable of undergoing at least 600 stretch-release
cycles under a 20% strain, during which no significant drift was
observed (Fig. S81). Moreover, a comparison of the response
curves for the initial and last 8 cycles demonstrated that the
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Fig. 5 Electrical and sensing properties of the PVP based ionogel: (a) Nyquist plots of the impedance spectra of the ionogels over different
batches. (b) Relative resistance changes of the ionogel-7.5-based strain sensor as a function of tensile strain. Real-time monitoring of relative
resistance under different strains ranging from (c) 0.1% to 5% and (d) 10% to 100%. Signals of relative electrical resistance during (e) finger bending

and (f) elbow bending.

sensor exhibited consistent signal accuracy over time (Fig. S9F).
This outcome substantiates the durability of the stretchable
strain sensor, indicating its potential for applications in wear-
able flexible electronics.

The ionogel-based sensor was able to detect different kinds
of human movement information simply by being applied to
the joint with a VHB. As shown in Fig. 5e, the relative resistance
change signal exhibited a discernible periodic variation during
the process of bending the finger. As the finger bending angle
increase from 45° to 90°, the resistive-strain response signal
exhibited a notable enhancement. Moreover, the monitoring
capacity of the ionogel sensor for elbow activity was investi-
gated. As shown in Fig. 5f, the sensor exhibited consistent and
distinctive electrical signals when the elbow underwent fast and
slow repeated bending. These results indicated the potential
applications of our PVP-based ionogels in the fabrication of
wearable sensors.

2.5. Demonstration of flexible electroluminescent device

Transparent and highly flexible electrodes play a key role in
developing flexible light-emitting devices.>*® In this configura-
tion, the light-emitting layer (dielectric layer) is sandwiched
between two transparent conductive electrodes.’®*” When the
outer conductive electrodes are subjected to an alternating
current (AC) electric field, the insulating electroluminescent
layer situated in the center emits bright fluorescence, which is
driven by the aforementioned AC electric field. To illustrate the
potential applications, we prepared a highly flexible electrolu-
minescent device composed of two wires, an ionogel-7.5 trans-
parent flexible electrode, an ITO flexible electrode, and a ZnS
emission layer. The wire from the power supply was connected

28240 | RSC Adv, 2024, 14, 28234-28243

to the ionogel electrode and the ITO electrode, respectively
(Fig. 6a). The physical optical photograph of the light-emitting
device consisting of ionogel, light-emitting layer and ITO flex-
ible electrode is shown in Fig. 6b. The conductive ionogel is
connected to the power supply through a thin copper wire,
while the ITO electrode is also linked to the power supply via
a wire.

When the ionogel electrodes and ITO electrodes were sub-
jected to a voltage of 110 volts at a frequency of 1400 Hz through
the wires, the luminescent layer in the center emitted a bright
blue light (Fig. 6¢). According to the principle of series capacitor
operation, most of the applied voltage in the alternating-current
electroluminescent device is distributed to the dielectric emis-
sion layer.® This phenomenon can be attributed to the
conductive nature of the PVP-based ionogel electrode within the
circuit, which exhibits a relatively low resistance, in contrast to
the insulating properties of the dielectric emission layer situ-
ated at the center, which displays a resistance value approach-
ing infinity (Fig. S10 and S11t). As a result, the typical voltage
distributed to the PVP-based ionogel layer is at the 102V scale,
which is considerably smaller than its electrochemical window
of approximately 3 V (Fig. 2c). It is therefore surmised that the
PVP-based ionogel electrode is stable at the voltage employed in
this experiment. The exceptional flexibility of our ionogel,
coupled with the flexible ITO electrodes and light-emitting
layer, enables the assembled electroluminescent device to
retain its light-emitting functionality even when subjected to
bending deformation (Fig. 6d). Moreover, it is reasonable to
hypothesize that replacing the light-emitting layer and ITO
electrodes with stretchable materials will result in an electro-
luminescent device with stretchable properties. Therefore, the
stretchability and transparent feature offer great opportunities

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05446f

Open Access Article. Published on 04 September 2024. Downloaded on 2/13/2026 2:52:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

~

ITO Flexible Electrode

b
PR ——

ITO flexible electrode

k! Wire'i

w £ b
e X

Emission Layer pyp_pased ionoge|

PVP-based lonogel

Emission Layer

/_, Wire

View Article Online

RSC Advances

d

Fig. 6 Demonstration of flexible electroluminescent device based on the PVP based ionogel: (a) schematic illustration of the flexible electro-
luminescent device composed of two wires, a ZnS emission layer, a flexible ITO electrode, and a PVP-based ionogel as electrode. Photographs of
the flexible electroluminescent device in different scenarios, such as (b) power off, (c) power on and (d) bending.

for our ionogels as the electrodes in developing flexible or even
stretchable luminescent devices.

3. Conclusions

In conclusion, a self-healable and recyclable PVP-based ionogel
was successfully developed through a simple one-pot photo-
initiated polymerization process. The resulting ionogels
exhibited a series of intriguing properties, including trans-
parency, robust mechanical strength, and excellent ionic
conductivity, which were integrated into a single material.
Wearable resistive sensor based on the ionogels was success-
fully assembled and demonstrated an accurate response to
human body motion. Moreover, a flexible light-emitting device
was successfully fabricated and demonstrated the ability to
maintain electroluminescence even when subjected to bending
deformation. Due to their easy preparation, self-healing and
recyclability, it is anticipated that PVP-based ionogels, with
their remarkable and multifunctional properties, will find
applications in wearable devices, electronic skin, implantable
materials, robotics and human-machine interfacing, while
being environmentally friendly.

4. Experimental section

A detailed Experimental section can be found in the ESI.j All
human skin-attachment experiments were conducted by Z. H.,
and the authors did not seek or receive identifiable private
information. The hands and arms shown in the figures are
those of Z. H., who gave consent for these images.
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