
membranes

Article

Silica Nanoparticles Reinforced Ionogel as
Nonvolatile and Stretchable Conductors

Shanshan Zhang, Zhen Li *, Pei Huang , Yamei Lu and Pengfei Wang *

Qian Xuesen Laboratory of Space Technology, China Academy of Space Technology, Beijing 100094, China;
zhangshanshan@qxslab.cn (S.Z.); huangpei@emails.bjut.edu.cn (P.H.); 18033857082@163.com (Y.L.)
* Correspondence: lizhen@qxslab.cn (Z.L.); wangpengfei@qxslab.cn (P.W.)

Received: 3 October 2020; Accepted: 14 November 2020; Published: 19 November 2020
����������
�������

Abstract: Ionogels combine the advantages of being conductive, stretchable, transparent and
nonvolatile, which makes them suitable to be applied as conductors for flexible electronic devices.
In this paper, a series of ionogels based on 1-ethyl-3-methylimidazolium ethyl-sulfate ([C2mim][EtSO4])
and polyacrylic networks were prepared. Silica nanoparticles (SNPs) were dispersed into the ionogel
matrix to enhance its mechanical properties. The thermal, mechanical and electrical properties of
the ionogels with various contents of crosslinking agents and SNPs were studied. The results show
that a small amount of SNP doping just increases the breaking strain/stress and the nonvolatility
of ionogels, as well as maintaining adequate conductivity and a high degree of transparency.
Furthermore, the experimental results demonstrate that SNP-reinforced ionogels can be applied as
conductors for dielectric elastomer actuators and stretchable wires, as well as for signal transmission.

Keywords: Ionogel; flexible conductor; silica nanoparticles

1. Introduction

In the past decade, flexible electronic devices have attracted great research interest because they
possess the advantages of light weight, high flexibility and outstanding adaptability. Owing to such
properties, flexible electronic devices have showed great promise in various fields from clinical science
to robotics [1–6]. Flexible conductors play an important role in transmitting electrical energy and
signals [7,8]. Therefore, scientists have made an effort to develop flexible conductor materials. Carbon
grease is one of the most widely used materials in dielectric elastomer sensors/actuators [9]. It exhibits
good adhesive ability and can be coated on polymer substrates as a flexible electrode without the
restriction of shape change. For example, Goulbourne et al. reported a kind of dielectric elastomer
actuator made of polyacrylate films and carbon grease electrodes. The membrane had a pre-stretch of
three and was passively inflated to various predetermined states, and it corresponded to a maximum
polar strain of 28% with an applied constant voltage of 3 kV [10]. However, carbon grease exhibits
poor transparency, which limits its application in optical devices. It is reported that arrays of aligned
carbon nanotubes (CNTs) can serve as flexible conductors for dielectric elastomer actuators, in which
large area strain has been observed [11]. However, the binder for CNTs decreases the conductivity
of the resulting electrodes, leading to the reduction of the actuation strain of the dielectric elastomer
actuator. Graphene has also been developed into flexible conductors [12,13]. However, the tensile
strain capacity of graphene is inadequate. Damage occurs even when the loaded strain is less than
50% [14]. Indium tin oxide (ITO) exhibits the properties of large deformation and good transparency,
which allows it to be widely applied in flexible optical devices [15]. Daeneke et al. reported the
synthesis of flexible two-dimensional ITO on a centimeter scale using a low-temperature liquid metal
printing technique to obtain bilayer samples with a transparency above 99.3% and a sheet resistance
as low as 5.4 kΩ [16]. However, ITO is considered unsuitable for flexible electronics due to the high
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fabrication cost involved in the vacuum-based process and the lack of flexibility for future flexible
electronics [17,18]. Similar to ITO, silver nanowires (AgNWs) are known to be applied as transparent,
flexible and stretchable conductors [19]. Chen et al. reported flexible transparent electrodes with a
sheet resistance of around 10 Ω/sq and a transmittance of around 92%, where the electrodes were
prepared with water-processed silver nanowires and a polyelectrolyte [20]. However, there are intrinsic
weaknesses regarding the electrical resistance and poor mechanical adhesion properties of AgNWs,
which need to be further overcome for their full utilization as transparent electrodes [21]. Hydrogel
is another candidate for flexible conducting. As early as 1986, Cartmell et al. reported a urethane
hydrogel located in a cavity and formed in a non-conductive tray. The matrix was adapted to stick on
the skin of a patient and transmitted signals between the skin and an electrode conductor supported by
the base of the tray [22]. Philipp reported a pre-stretched hydrophobic elastomer that was sandwiched
between two hydrogels, which functioned as ionic conductors to fabricate active noise cancelation [23].

The hydrogel material exhibits the advantages of high conductivity, stretchability, biocompatibility
and low cost. However, hydrogels could dry out due to the evaporation of water, thus hydrogels cannot
perform long-term service on exposure to air [24,25]. Ionogels are a kind of three-dimensional polymer
that hosts ionic liquid. They have also been applied as flexible conductive materials, especially in
the field of supercapacitors, batteries and fuel cells [26–31]. Chen fabricated electromechanical
transducers based on ionogels which were synthesized by polymerizing acrylic acid in ionic liquid
1-ethyl-3-methylimidazolium ethylsulfate ([C2mim][EtSO4]), in which the voltage-induced areal strain
could reach up to 140% [25]. Karthikeyan reported a self-charging supercapacitor using siloxane
sheets as electrodes and a siloxane-based polymeric piezo-fiber separator immobilized with an ionogel
electrolyte. Due to its self-charging properties, this capacitor, subjected to various levels of compressive
forces, showed its ability to self-charge up to a maximum of 207 mV [32]. Wong reported an ionogel
ink for 3D direct-writing to fabricate conductive structures for stretchable sensors [33]. Ionic liquids
possesses high thermal stability and negligible vapor pressure, resulting in ionogels being able to retain
their shape even without being stored in aqueous solution or replenished with fresh ions; furthermore,
the nonvolatility of ionogels enable the prepared devices to be used in the open air [25,26,34–38].
In general, the stretchability of the ionogel can be enhanced by reducing the amount of the crosslinking
agent. However, the decrease in the crosslinking agent content also results in low toughness and high
viscosity; thus, ionogels may further lose their shape and become difficult to manipulate. It has been
reported that the incorporation of silica or silica nanoparticles can improve the thermal, mechanical
and electrical properties of ionogel materials, which is widely applied as ionogel electrolyte [39–42].
In this paper, in order to solve the above problems, a series of ionogels with various contents of
crosslinking agents were synthesized and silica nanoparticles (SNPs) were incorporated to increase the
mechanical properties. The optimized SNP-reinforced ionogels were tested as flexible conductors for
electronic devices.

2. Materials and Methods

2.1. Materials

Acrylic acid (AA), 1-ethyl-3-methylimidazolium ethyl-sulfate ([C2mim][EtSO4]) andα-ketoglutaric
acid were purchased from J&K company (Beijing, China). Poly(ethylene glycol) diacrylate (PEGDA),
TEOS and NH4OH solution were purchased from Alading company (Shanghai, China). Ethyl alcohol
was purchased from Bei Jing Tong Guang Fine Chemicals Company (Beijing, China). AA was applied
as monomer of the polymer network, PEGDA was applied as crosslinker and α-ketoglutaric acid acted
as an initiator, as shown in Figure S1.

2.2. Sample Preparation

The silica nanoparticles were prepared according to the classical Stöber method [43,44].
First, 1.9 g aqueous ammonia solution containing 28% NH4OH was diluted in ethanol (96%) to
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20 mL. Then, 8.33 g TEOS was dissolved in technical ethanol to 20 mL and was slowly added into the
NH4OH solution. Then the mixture was stirred for 12 h at room temperature. The stirred mixture was
centrifuged at 5500 r/min for 5 min and washed with deionized water in ultrasonic cleaner for 5 min.
Neutral solution was obtained after centrifuging and washing four times. Freezing the neutral solution
at −18 ◦C for 6 h and then freeze drying it at −40 ◦C and 40 kPa for 24 h, SNPs were finally obtained.

The preparation process of SNP-reinforced ionogel is shown in Figure 1. As a standard reaction
addition, 2 mmol (0.1441 g) AA, 0.0065 g (0.8 mol% of AA) poly (ethylene glycol) diacrylate and 0.0029
g of α-ketoglutaric (2 wt% of AA) acid and SNPs (various percentages) were dissolved into 2 mL
[C2mim][EtSO4]. The mixture was sequentially stirred for 30 min, sonicated for 5 min and stirred again
for 5 min to form a uniform solution. Then the suspension was dripped into a polytetrafluoroethylene
(PTFE)-plated mold (50 mm × 50 mm × 0.6 mm) and covered with a 1-mm-thick glass plate. Ionogel
was obtained after 4 h of reaction in the UV crosslinking apparatus. Similar to the abovementioned
method, a series of ionogels with different contents of crosslinking agents (1.2%–2.4% mol% of AA)
and SNP (0.5 wt%, 1 wt%, 2 wt%, 3 wt%, 4 wt%) were prepared. A series of SNP-reinforced ionogels
were prepared by dissolving AA, poly(ethylene glycol) diacrylate, α-ketoglutaric acid and SNPs into
2 mL of ionic liquid [C2mim][EtSO4].
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and (b) chemical reaction process of SNP-reinforced ionogel.

2.3. Characterization

2.3.1. The size of SNPs

The size of SNPs was measured by means of a scanning electron microscope (SEM) (SU-8010,
Hitachi, Tokyo, Japan) and dynamic light scattering (DLS) (VASCO, Malvern Instruments Ltd., Malvern
Worcestershire, USA). The SNPs were dispersed into water at concentration of 1 mg/mL. Ten microliters
dropped on silica slice and naturally dried for SEM analysis and the remaining suspension was used
for DLS analysis. The test results are shown in Figure S2. The size of the SNPs was about 540 nm with
a polydispersity of 0.086.

2.3.2. Transmittance

Transmittance of the samples was measured by UV-visible absorption spectra on a Perkin–Elmer
Lambda (750 UV/Vis/NIR-spectrometer, Waltham, MA, USA). Samples were cut into a circle shape
(3 cm diameter, 0.6 mm thick) and were formed on the test stage in light path.

Ionogels were cut into samples with dimensions of 20 mm × 20 mm and were attached to the
printed alphabetic patterns. The transparencies of SNP-reinforced ionogels with different proportions
were compared. Ionogels (10 mm × 10 mm × 0.6mm) were placed on glass slides, covered with
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cover glasses and tested with an optical microscope to observe the dispersibility of SNPs in the
ionogel network.

2.3.3. Mechanical Characterization

A tensile strength test was carried out on a dynamic mechanical analyzer (DMA) (TA-800, TA
Instrument Ltd., Eden Prairie, MN, USA). Samples (20 mm × 7 mm × 0.6 mm) were stretched at a
speed of 0.5 mm/s at room temperature and the stress and strain data were recorded.

2.3.4. Electrical Characterization

The resistivity was measured via a four-point probe resistivity tester (KDY-1, Jinyang Wanda
Technology Ltd., Beijing, China). The samples were cut to 1 cm × 1 cm with a thickness of 0.6 mm.
Collected data was used to analyze electrical properties of the prepared ionogels.

2.3.5. Stability of Ionogels in Open Air

Ionogels (10 mm × 10 mm × 0.6 mm) with various SNP contents, loaded with glass sides, were put
into an oven at 100 ◦C for 36 h. The changes of mass fractions were recorded to evaluate the stability
of ionogels.

2.3.6. Demonstration of Potential Application

Square acrylic frames with a length of 50 mm were cut by means of a laser cutting machine.
SNP-reinforced ionogels with a thickness of 0.6 mm were cut into round samples with a diameter
of 35 mm. As shown in (Figure S3), the 1-mm-thick dielectric elastomer (VHB) was fixed on the
instrument, biaxially stretched for four times and the redundant VHB was fixed and trimmed with
the acrylic frame. Thus, a 4-fold pre-stretched VHB element was obtained. As shown in Figure S3a,
the samples of SNP-reinforced ionogels were attached with two sides of VHB and connected with the
electrodes by two SNP-reinforced ionogel wires with a width of 4 mm, forming a transparent flexible
actuator. As shown in Figure S3b, the conductive carbon grease was coated on the both sides of a
4-fold pre-stretched VHB surface, connected to the electrodes by conductive tapes to form a flexible
actuator based on conductive carbon grease.

Transparent PTFE tubes with an inner diameter of 3 mm were used as molds to prepare
SNP-reinforced ionogel composite wires. They then served as stretchable cables to connect to a LED
circuit and the signal line to a loud speaker, respectively.

The acrylic board of 100 mm × 100 mm with pattern was prepared by means of a laser cutting
machine and the series circuit of light emitting diodes was fixed on a model, connecting the power
source by means for a copper conductor. Finally, we cut the copper conductor and inserted the
SNP-reinforced ionogel composite wires into the circuit (as shown in Figure S4).

The signal lines of a small loudspeaker were cut off and re-connected by stretchable cables based
on SNP-reinforced ionogels. Connecting the power supply of the loudspeaker with the signal source,
the conductive function of stretchable cables based on SNP-reinforced ionogels was tested (as shown
in Figure S5).

3. Results and Discussion

3.1. Mechanical Properties

The mechanical properties of the ionogel samples with different contents of crosslinking agents
were investigated by means of a tensile test. The stress-strain curves are shown in Figure 2a and the
correlation of loaded strain with the content of crosslinking agents is shown in Figure 2b. The results
show that the ionogel exhibits a large breaking elongation (about 500%) and poor strength when the
crosslinking agent is 0.8 mol% of AA monomer. The breaking stress is only about 7 kPa, which indicates
that the material is easy to damage during manipulation. Increasing the content of crosslinking agent
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is effective to enhance the mechanical strength, while decreasing the breaking strain. Other samples
with a higher content of crosslinking agents can only withstand 300% elongation. Further reduction of
crosslinking agent would result in the material being unable to be cured or firmed. Therefore, there is
not much room for improving mechanical properties by merely adjusting the crosslinking agent.
Other methods of material optimization need to be urgently introduced.

Figure 2. Mechanical properties of ionogel samples with different contents of crosslinking agents:
(a) stress-strain curves of ionogel samples with different contents of crosslinking agents; (b) breaking
strain of ionogel samples with different contents of crosslinking agents.

SNP were incorporated into ionogels to improve the mechanical strength of ionogels without
sacrificing the stretchability. The mechanical properties of these SNP-reinforced ionogels were measured
and the stress-strain curves were plotted, as shown in Figure 3a. The connection of the loaded strains
with the contents of crosslinking agents of these SNP-reinforced ionogels is shown in Figure 3b.
Results show that the breaking strength of ionogels has been enhanced to varying degrees after being
composited with SNPs. Among them, compositing 0.5 wt% SNPs into the ionogel not only enhanced
the breaking strength, but also increased the breaking strain of the ionogels. It can be seen that the
breaking stress of the ionogel is improved when composited with SNPs. Compared with other samples,
both the breaking stress and the breaking strain of the ionogels composited with 0.5 wt% of SNPs are
improved the most significantly. A quantity of 0.5 wt% SNPs was selected to reinforce ionogels for the
further fabrication of flexible electronic devices.

Figure 3. Mechanical properties of ionogels with different contents of SNPs: (a) stress-strain curves of
ionogels with different contents of SNP; (b) breaking strain of ionogels with different contents of SNPs.

3.2. Electrical Conductivity

Ionogels are widely used as conductive materials for flexible electronic devices. Therefore, the electrical
conductivity of a device is important to evaluate its application value. The conductivity of blank and
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SNP-reinforced ionogel samples were measured by means of a four-point probe method. There were no
significant changes in the conductivity of ionogels with different contents of crosslinking agents (as
shown in Table S1). Compared with the blank ionogel samples, the conductivity of SNP-reinforced
ionogels exhibit a slight decrease. With the addition of 1 wt% SNP, the reinforced ionogels showed
about 1.09 S/m, as can be seen in Table 1. With increasing SNP content, the electro-conductivity
no longer showed a notable change. Even taking experimental error into consideration, it can be
concluded that the SNP-reinforced ionogels exhibit similar electro-conductivity to blank material,
which makes them possible to be applied in flexible electronic devices. It is worth mentioning that the
ionogels with 0.5 wt% SNP content, which are used for further demonstration, performed at about
1.23 S/m of electroconductivity.

Table 1. The electroconductivity of ionogels composites.

Sample Electroconductivity (S/m)

blank 1.28 ± 0.07
SNP 0.5% 1.23 ± 0.07
SNP 1.0% 1.09 ± 0.06
SNP 2.0% 1.11 ± 0.06
SNP 3.0% 1.10 ± 0.06
SNP 4.0% 1.12 ± 0.06

3.3. Thermal Nonvolatility

Nonvolatility is important when ionogels are applied as flexible conductors in open air, especially
in high temperature environments. The nonvolatility performance of SNP-reinforced ionogels was
tested under 100 ◦C. The curves of mass variation versus time of the resultant samples were plotted.
As can be seen in Figure 4, the mass of all samples decreased obviously at 100 ◦C and became
relatively stable after 10 h. For the blank sample, the weight loss reached 19% after thermal treatment.
In comparison, all the SNP-reinforced samples only showed 13%–15% weight losses, showing that the
incorporation of SNPs enhances the thermal nonvolatility of ionogels. It is worth mentioning that the
samples with a different SNP content did not show a consistent dependence of thermal stability on SNP
content. This phenomenon may be caused by experimental error, since the weight changes of samples
(about 50 mg) were slight. Nevertheless, the difference of the thermal stability performances between
blank and SNP samples is notable as it shows the effect of SNP incorporation on thermal nonvolatility.

Figure 4. Thermal stability of ionogel samples with different contents of SNPs.
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3.4. Transparency Test

At the wavelength of 250–800 nm, the transmittance of the SNP-reinforced ionogels is shown in
Figure 5a. We found that an increase in SNP content leads to an increase in transmittance. A possible
explanation of this phenomenon is that SNPs do not absorb short-wave visible light as much as ionogels
do, which decreases the transparency slightly by scattering the light. As shown in Figure 5b, we found
that the transparency of SNP-reinforced ionogels showed no obvious change compared with ionogels,
indicating that SNPs had little effect on the transparency of ionogels. The SNP-reinforced ionogels were
as transparent as the unreinforced ionogels. Transmission spectrum images of blank SNP-reinforced
ionogels are shown in Figure S6. An optical microscope photo for 0.5 wt% SNP ionogel shows that
SNP aggregates slightly, but there was no aggregation larger than 50 µm observed. Generally speaking,
SNPs were evenly dispersed in the ionogels (as shown in Figure S7).
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In consideration of their mechanical properties and thermal stability, when the content of
crosslinker is 0.8 mol% of monomers, ionogels showed the largest breaking strain. When adding
0.5 wt% SNPs, the breaking stress and the breaking strain were improved at the same time. As the next
step, we tested the function of flexible electronic devices constructed from SNP-reinforced ionogels.

3.5. Electrodes for Flexible Actuators

In many cases, ionogels are applied as soft electrodes for flexible electro-actuators [3].
The electro-actuation ability of flexible actuators based on SNP-reinforced ionogels is presented
in Figure 6. A sinusoidal voltage with a frequency of 0.025 Hz and an increasing amplitude was
applied to the flexible actuator. When the sinusoidal voltage was applied, the elastomer covered
with SNP-reinforced ionogels displayed expansion and contraction due to the electric field force.
When the voltage was off, the elastomer soon recovered to the as-prepared state, as shown in
Figure 6a. It expanded quickly when the voltage was on, as shown in Figure 6b. This behavior is
quite similar to flexible actuators based on carbon grease, as shown in Figure 6c,d. This result shows
that SNP-reinforced ionogels can be applied as soft electrodes for flexible electro-actuators without
disturbing their required function.

Further electro-actuation testing was carried out to study the dependency between the actuation
ability and voltage. Figure 7 demonstrates the area change rate of the flexible actuators under
different voltages. The actuator starts its expansion under a voltage of 1000 V and performs a bigger
actuation while at a higher voltage. When the voltage reached 4500 V, the flexible actuator based on
SNP-reinforced ionogels was able to expand by about 148.64%. In comparison, the flexible actuator
based on carbon grease performed a similar actuation. It expanded to about 147% under 4500 V voltage.
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This experiment shows quantitatively that the SNP-reinforced ionogels exhibit the same ability with
classical carbon grease as soft conductors for dielectric elastomer actuators.
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Figure 7. Area change rate of the flexible actuators: (a) flexible actuator based on SNP-reinforced
ionogels; (b) flexible actuator based on carbon grease.

3.6. Functional Testing of Stretchable Cables

In order to further evaluate the flexible electro-properties of SNP-reinforced ionogels, a stretchable
cable experiment was carried out. Cables (2.5 mm diameter) made from SNP-reinforced ionogel were
introduced into an electrical circuit, as shown in Figure S3. Light-emitting diodes work properly with
a power supply of 56 V, as can be seen in Figure 8a. When the soft cables based on the SNP-reinforced
ionogel were slowly stretched, the light-emitting diodes still worked normally, even under a 400%
strain, as shown in Figure 8b. The brightness of the light-emitting diodes was slightly weakened due
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to the increase of the total resistance of the circuit. Nevertheless, when the cable was restored to its
original shape, the light-emitting diodes could recover their original brightness. This experiment can
be repeated many times, as can be seen in Video S1, which shows SNP-reinforced ionogel material
exhibiting flexible electro-conductivity.

Figure 8. Stretching the stretchable cable based on SNP-reinforced ionogel in a light emitting diode
circuit: (a) stretchable cable based on SNP-reinforced ionogel without stretching; (b) stretching the
stretchable cable based on SNP-reinforced ionogel.

As a further demonstration, the flexible electro-conductive cable was also applied to the
transmission of an electrical signal. The circuit diagram is presented in Figure S5. When the
power was on, the loudspeaker worked normally, indicating that the SNP-reinforced ionogel cable
did transmit the electrical signal. The volume went down when the cable was stretched, similarly
to the performance of the above light-emitting diode experiment. When the cable was restored to
its original shape, the volume returned to its original intensity. The repeatability of this experiment
was demonstrated through the cyclic stretching of the ionogel cables, which demonstrated the good
conductivity and durability of the stretchable cables based on SNP-reinforced ionogels, as shown in
Figure S8 and Video S2.

4. Conclusions

In conclusion, SNP-reinforced ionogels with various amounts of added SNPs were prepared.
Their mechanical, thermal and electrical properties were evaluated and some positive results were
obtained. The resultant material is highly stretchable, transparent and nonvolatile, and thus suitable to
be applied as a conductor for flexible electronic devices, even when exposed to open air. In this study,
ionogels based on [C2mim][EtSO4] and a polyacrylic network were prepared and the properties of the
ionogel with various contents of crosslinking agents and SNP concentrations were studied. Ionogels
showed the largest breaking strain when the content of the crosslinker in the ionogels was 0.8 mol% of
the monomers. SNPs were also dispersed into the ionogel matrix to reinforce the mechanical properties.
The breaking stress and breaking strain were both improved when the content of SNP was 0.5 wt%.
A flexible actuator based on SNP-reinforced ionogels was able to expand to about 148.64% when the
voltage reached 4500, which is comparable to carbon grease. It is well demonstrated that stretchable
cables based on SNP-reinforced ionogels work in a light emitting diode circuit and an audio signal line.
In conclusion, SNPs dispersed into the ionogel reinforce its mechanical properties, while maintaining
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good thermal stability, conductivity and transparency. SNP-reinforced ionogels are expected to be
widely applied as large-deformation conductors in the field of flexible electronic devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0375/10/11/354/s1,
Figure S1: Schematic picture of raw materials and resultant ionogel, Figure S2: SEM images of Silica nanoparticles
(SNP), Figure S3: Flexible actuator construction experiment based on SNP-reinforced ionogel and carbon grease,
Figure S4: Stretchable cable based on a SNP-reinforced ionogel accessed to the light emitting diode circuit, Figure
S5: SNP-reinforced ionogel flexible wire accessed to the audio signal line, Figure S6: Transmission spectrum
images of SNP-reinforced ionogels, Figure S7: Optical microscope photos for 0.5 wt% SNP ionogel, Figure S8:
Stretching stretchable cables based on the SNP-reinforced ionogels in audio signal line, Table S1: The conductivity
of ionogels with different cross-linking degree, Video S1: A stretchable wire for a LED series circuit, Video S2:
Stretchable wires for audio signal lines.

Author Contributions: Conceptualization, Z.L. and P.W.; methodology, S.Z.; software, P.H.; validation, Z.L.
and P.W.; formal analysis, Y.L.; investigation, S.Z.; resources, P.W.; data curation, S.Z.; writing—original draft
preparation, S.Z.; writing—review and editing, P.H.; visualization, S.Z.; supervision, Z.L.; project administration,
P.W.; funding acquisition, P.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (Grant No. 52083291).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Madhvapathy, S.R.; Ma, Y.; Patel, M.; Krishnan, S.; Wei, C.; Li, Y.; Xu, S.; Feng, X.; Huang, Y.; Rogers, J.A.
Epidermal electronic systems for measuring the thermal properties of human skin at depths of up to several
millimeters. Adv. Funct. Mater. 2018, 28, 1802083. [CrossRef]

2. Xu, B.; Akhtar, A.; Liu, Y.; Chen, H.; Yeo, W.-H.; Park, S.; Boyce, B.; Kim, H.; Yu, J.; Lai, H.-Y.; et al. Flexible
Electronics: An epidermal stimulation and sensing platform for sensorimotor prosthetic control, management
of lower back exertion, and Electrical Muscle Activation. Adv. Mater. 2016, 28, 4462–4471. [CrossRef]

3. Sun, J.; Keplinger, C.; Whitesides, G.M.; Suo, Z.G. Ionic skin. Adv. Mater. 2014, 26, 7608–7614. [CrossRef]
[PubMed]

4. Miriyev, A.; Stack, K.; Lipson, H. Soft material for soft actuators. Nat. Commun. 2017, 8, 596. [CrossRef]
5. Myny, K. The development of flexible integrated circuits based on thin-film transistors. Nat. Electron. 2018, 1,

30–39. [CrossRef]
6. O’Doherty, J.E.; Lebedev, M.A.; Ifft, P.J.; Zhuang, K.Z.; Shokur, S.; Bleuler, H.; Nicolelis, M.A.L. Active tactile

exploration using a brain–machine–brain interface. Nature 2011, 479, 228–231.
7. Park, J.; Wang, S.; Li, M.; Ahn, C.; Hyun, J.K.; Kim, D.S.; Kim, D.K.; Rogers, J.A.; Huang, Y.; Jeon, S.

Three-dimensional nanonetworks for giant stretchability in dielectrics and conductors. Nat. Commun. 2016,
3, 916. [CrossRef]

8. Matsuhisa, N.; Kaltenbrunner, M.; Yokota, T.; Jinno, H.; Kuribara, K.; Sekitani, T.; Someya, T. Printable
elastic conductors with a high conductivity for electronic textile applications. Nat. Commun. 2015, 6, 7461.
[CrossRef]

9. Sahu, R.K.; Sudarshan, K.; Patra, K.; Bhaumik, S. Evaluation of area strain response of dielectric elastomer
actuator using image processing technique. Electroact. Polym. Actuators Devices 2014, 905, c1–c90562.

10. Fox, J.W.; Goulbourne, N.C. On the dynamic electromechanical loading of dielectric elastomer membranes. J.
Mech. Phys. Solids 2008, 56, 2669–2686. [CrossRef]

11. Chua, S.L.; Neo, X.H.; Lau, G.K. Multi-walled carbon nanotubes (MWCNT) as compliant electrodes for
dielectric elastomer actuators. SPIE 2011, 16, S300–S305.

12. Hwang, T.; Kwon, H.-Y.; Oh, J.-S.; Hong, J.-P.; Hong, S.C.; Lee, Y.; Choi, H.R.; Kim, K.J.; Bhuiya, M.H.;
Nam, J.-D. Transparent actuator made with few layer graphene electrode and dielectric elastomer, for variable
focus lens. Appl. Phys. Lett. 2013, 103, 023106. [CrossRef]

13. Kaya, E.; Kakenov, N.; Altan, H.; Kocabas, C.; Esenturk, O. Multilayer Graphene Broadband Terahertz
Modulators with Flexible Substrate. J. Infrared Millim. Terahertz Waves 2018, 39, 483–491. [CrossRef]

14. Won, S.; Hwangbo, Y.; Lee, S.-K.; Kim, K.-S.; Kim, K.-S.; Lee, S.-M.; Lee, H.-J.; Ahn, J.-H.; Kim, J.-H.; Lee, S.-B.
Double-layer CVD graphene as stretchable transparent electrodes. Nanoscale 2014, 6, 6057–6064. [CrossRef]

http://www.mdpi.com/2077-0375/10/11/354/s1
http://dx.doi.org/10.1002/adfm.201802083
http://dx.doi.org/10.1002/adma.201504155
http://dx.doi.org/10.1002/adma.201403441
http://www.ncbi.nlm.nih.gov/pubmed/25355528
http://dx.doi.org/10.1038/s41467-017-00685-3
http://dx.doi.org/10.1038/s41928-017-0008-6
http://dx.doi.org/10.1038/ncomms1929
http://dx.doi.org/10.1038/ncomms8461
http://dx.doi.org/10.1016/j.jmps.2008.03.007
http://dx.doi.org/10.1063/1.4812982
http://dx.doi.org/10.1007/s10762-018-0480-8
http://dx.doi.org/10.1039/C4NR00265B


Membranes 2020, 10, 354 11 of 12

15. Kim, T.-G.; Lee, J.-G.; Park, C.-W.; Hong, S.; Woo, W.; Hest, V.; Maikel, F.A.; Cho, D.-H.; Chung, Y.-D.;
Yoon, S.S. Effect of supersonic spraying impact velocity on opto-electric properties of transparent conducting
flexible films consisting of silver nanowire, ITO, and polyimide multilayers. J. Alloys Compd. 2018, 739,
653–659. [CrossRef]

16. Datta, R.S.; Syed, N.; Zavabeti, A.; Jannat, A.; Daeneke, T. Flexible two-dimensional indium tin oxide
fabricated using a liquid metal printing technique. Nat. Electron. 2020, 3, 51–58. [CrossRef]

17. Krebs, F.C. Fabrication and processing of polymer solar cells: A review of printing and coating techniques.
Sol. Energy Mater. Sol. Cells 2009, 93, 394–412. [CrossRef]

18. Krebs, F.C. Polymer solar cell modules prepared using roll-to-roll methods: Knife-over-edge coating, slot-die
coating and screen printing. Sol. Energy Mater. Sol. Cells 2009, 93, 465–475. [CrossRef]

19. Sun, J.; Zhou, W.; Yang, H.; Zhen, X.; Ma, L.; Williams, D.; Sun, X.; Lang, M. Highly transparent and flexible
circuits through patterning silver nanowires into microfluidic channels. Chem. Commun. 2018, 54, 4923–4926.
[CrossRef]

20. Sun, Y.; Chang, M.; Meng, L.; Wan, X.; Chen, Y. Flexible organic photovoltaics based on water-processed
silver nanowire electrodes. Nat. Electron. 2019, 2, 513–520. [CrossRef]

21. Hu, L.; Kim, H.S.; Lee, J.-Y.; Peumans, P.; Cui, Y. Scalable coating and properties of transparent, flexible,
silver nanowire electrodes. ACS Nano 2010, 4, 2955–2963. [CrossRef]

22. Cartmell, J.V.; Wolf, M.L. Medical Electrode. USA Patent US4617935 A, 21 October 1986.
23. Rothemund, P.; Morelle, X.P.; Jia, K.; Whitesides, G.M.; Suo, Z. A Transparent membrane for active noise

cancelation. Adv. Funct. Mater. 2018, 28, 1–8. [CrossRef]
24. Liu, H.; Li, M.; Ouyang, C.; Lu, T.; Li, F. Biofriendly, stretchable, and reusable hydrogel electronics as wearable

force sensors. Small 2018, 14, 1801711. [CrossRef]
25. Chen, B.; Lu, J.; Yang, C.; Yang, J.; Zhou, J.; Chen, Y.; Suo, Z. Highly stretchable and transparent ionogels as

nonvolatile conductors for dielectric elastomer transducers. ACS Appl. Mater. Interfaces 2014, 6, 7840–7845.
[CrossRef]

26. Bideau, J.L.; Viau, J.; Vious, A. Ionogels, ionic liquid based hybrid materials. Chem. Soc. Rev. 2011, 40,
907–925. [CrossRef]

27. Werner, S.; Haumann, M.; Wasserscheid, P. Ionic Liquids in Chemical Engineering. Annu. Rev. Chem. Biomol.
Eng. 2010, 1, 203–230. [CrossRef]

28. Cho, J.H.; Lee, J.; He, Y.; Kim, B.S.; Lodge, T.P.; Frisbie, C.D. High-capacitance ion gel gate dielectrics with
faster polarization response times for organic thin film transistors. Adv. Mater. 2008, 20, 686–690. [CrossRef]

29. Bideau, J.L.; Ducros, J.B.; Soudan, P.; Guyomard, D. Solid-state electrode materials with ionic-liquid properties
for energy storage: The lithium solid-state ionic-liquid concept. Adv. Funct. Mater. 2011, 21, 4073–4078.
[CrossRef]

30. Soavi, M.F. Ionic liquids for hybrid supercapacitors. Electrochem. Commun. 2004, 6, 566–570.
31. Saricilar, S.; Antiohos, D.; Shu, K.; Whitten, P.G.; Wagner, K.; Wang, C.; Wallace, G.G. High strain stretchable

solid electrolytes. Electrochem. Commun. 2013, 32, 47–50. [CrossRef]
32. Krishnamoorthy, K.; Pazhamalai, P.; Mariappan, V.K.; Swapnil, S.N.; Kim, S.-J. Probing the energy

conversion process in piezoelectric-driven electrochemical self-charging supercapacitor power cell using
piezoelectrochemical spectroscopy. Nat. Commun. 2020, 11, 2351. [CrossRef] [PubMed]

33. Wong, J.; Gong, A.T.; Defnet, P.A.; Meabe, L.; Nelson, A. 3D printing ionogel auxetic frameworks for
stretchable sensors. Adv. Mater. Technol. 2019, 4, 1900452. [CrossRef]

34. Lodge, T.P. A unique platform for materials design. Science 2008, 321, 50–51. [CrossRef] [PubMed]
35. Susan, M.A.B.H.; Kaneko, T.; Noda, A.; Watanabe, M. Ion gels prepared by in situ radical polymerization of

vinyl monomers in an ionic liquid and their characterization as polymer electrolytes. J. Amer. Chem. Soc.
2005, 127, 4976–4983. [CrossRef] [PubMed]

36. Yu, L.; Guo, S.; Lu, Y.; Li, Y.; Lan, X.; Wu, D.; Li, R.; Wu, S.; Hu, X. Highly tough, Li-metal compatible
organic-inorganic double-network solvate ionogel. Adv. Energy Mater. 2019, 9, 1900257. [CrossRef]

37. Hyun, W.J.; Thomas, C.M.; Hersam, M.C. Nanocomposite ionogel electrolytes for solid-state rechargeable
batteries. Adv. Energy Mater. 2020, 202002135. [CrossRef]

38. Lai, F.; Yang, C.; Lian, R.; Chu, K.; Qin, J.; Zong, W.; Rao, D.; Hofkens, J.; Lu, X.; Liu, X. Three-phase boundary
in cross-coupled micro-mesoporous networks enabling 3D-printed and ionogel-based Quasi-solid state
micro-supercapacitors. Adv. Mater. 2020, 2002474. [CrossRef]

http://dx.doi.org/10.1016/j.jallcom.2017.12.237
http://dx.doi.org/10.1038/s41928-019-0353-8
http://dx.doi.org/10.1016/j.solmat.2008.10.004
http://dx.doi.org/10.1016/j.solmat.2008.12.012
http://dx.doi.org/10.1039/C8CC01438H
http://dx.doi.org/10.1038/s41928-019-0315-1
http://dx.doi.org/10.1021/nn1005232
http://dx.doi.org/10.1002/adfm.201800653
http://dx.doi.org/10.1002/smll.201801711
http://dx.doi.org/10.1021/am501130t
http://dx.doi.org/10.1039/C0CS00059K
http://dx.doi.org/10.1146/annurev-chembioeng-073009-100915
http://dx.doi.org/10.1002/adma.200701069
http://dx.doi.org/10.1002/adfm.201100774
http://dx.doi.org/10.1016/j.elecom.2013.03.035
http://dx.doi.org/10.1038/s41467-020-15808-6
http://www.ncbi.nlm.nih.gov/pubmed/32393749
http://dx.doi.org/10.1002/admt.201900452
http://dx.doi.org/10.1126/science.1159652
http://www.ncbi.nlm.nih.gov/pubmed/18599764
http://dx.doi.org/10.1021/ja045155b
http://www.ncbi.nlm.nih.gov/pubmed/15796564
http://dx.doi.org/10.1002/aenm.201900257
http://dx.doi.org/10.1002/aenm.202002135
http://dx.doi.org/10.1002/adma.202002474


Membranes 2020, 10, 354 12 of 12

39. Moganty, S.S.; Srivastava, S.; Lu, Y.; Schaefer, J.L.; Rizvi, S.A.; Archer, L.A. Ionic liquid-tethered nanoparticle
suspensions: A novel class of ionogels. Chem. Mater. 2012, 24, 1386–1392. [CrossRef]

40. Wu, F.; Chen, N.; Chen, R.; Wang, L.; Li, L. Organically modified silica-supported ionogels electrolyte for
high temperature lithium-ion batteries. Nano Energy 2017, 31, 9–18. [CrossRef]

41. Chen, N.; Zhang, H.; Li, L.; Chen, R.; Guo, S. Ionogel electrolytes for high-performance lithium batteries: A
review. Adv. Energy Mater. 2018, 8, 1702675. [CrossRef]

42. Liu, J.; Nie, N.; Wang, H.; Chen, Z.; Ji, Z.; Duan, X.; Huang, Y. A zinc ion yarn battery with high capacity
and fire retardancy based on a SiO2 nanoparticle doped ionogel electrolyte. Soft Matter 2020, 16, 7432–7437.
[CrossRef] [PubMed]

43. Stber, W.; Fink, A.; Bohn, E. Controlled growth of monodisperse silica spheres in micron size range. J. Colloid
Interface Sci. 1968, 26, 62–69. [CrossRef]

44. Zhang, T.; Zhang, Q.; Ge, J.; Goebl, J.; Yin, Y. A Self-templated route to hollow silica microspheres. J. Phys.
Chem. C 2009, 113, 3168–3175. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/cm300424v
http://dx.doi.org/10.1016/j.nanoen.2016.10.060
http://dx.doi.org/10.1002/aenm.201702675
http://dx.doi.org/10.1039/D0SM00996B
http://www.ncbi.nlm.nih.gov/pubmed/32756666
http://dx.doi.org/10.1016/0021-9797(68)90272-5
http://dx.doi.org/10.1021/jp810360a
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Sample Preparation 
	Characterization 
	The size of SNPs 
	Transmittance 
	Mechanical Characterization 
	Electrical Characterization 
	Stability of Ionogels in Open Air 
	Demonstration of Potential Application 


	Results and Discussion 
	Mechanical Properties 
	Electrical Conductivity 
	Thermal Nonvolatility 
	Transparency Test 
	Electrodes for Flexible Actuators 
	Functional Testing of Stretchable Cables 

	Conclusions 
	References

