¥ ® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

A stretchable and compressible ion gel based on a
deep eutectic solvent applied as a strain sensor
and electrolyte for supercapacitorst
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An ion gel based on a deep eutectic solvent (DES) was fabricated using free radical polymerization of an
acrylamide monomer in a choline chloride—urea—glycerol (ChCl-U-G) system. The mechanical properties
of the ion gel were reinforced by dispersing cellulose pulp in the DES without losing its conductivity. The
obtained ion gel was flexible and strong, and it acted like an elastomer. Its excellent mechanical properties
can be ascribed to the formation of a coherent hydrogen bond network between the DES and the
polymer matrix. The ion gel was successfully applied as a sensor to monitor the grasping motion of the
hand, which provides a new approach for designing green electronics (e.g., for electronic skin). The ion
gel was also applied as a solid-state electrolyte in a symmetric supercapacitor with a wide operating
voltage window of 2 V and a high specific capacitance of 161.8 F g™* at a current density of 0.2 A g~ It
also exhibited a high energy density of 22.47 W h kg™t at a power density of 0.11 kW kg™ and outstanding
cyclability (95.3% capacitance retention after 2000 cycles at 1.0 A g‘l). Moreover, the main components
of the prepared multifunctional ion gel are biocompatible, cost-effective, and environmentally friendly,
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Introduction

Due to the rapid progress of flexible and wearable electronic
devices, it is critical to develop stretchable power supplies.'™
For this purpose, supercapacitors offer distinctive advantages,
such as a simple device structure, high power density, and
excellent charge-discharge cyclability, in comparison to
batteries.*”® Supercapacitors can be simply constructed by
inserting two high-surface-area carbon electrodes in salt water.
Double layer supercapacitors only store charges via electrostatic
ion absorption at the liquid-solid interface.” Significant
research efforts have focused on developing flexible electrode
materials.®”® However, it is also crucial to develop flexible
electrolyte materials with appropriate conductivity and elasticity
to produce flexible energy storage materials. Since stretchability
and compressibility are typical features of the new generation of
flexible devices.'® Both the electrode and electrolyte should meet
this requirement to achieve the goal.
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offering a new route for the fabrication of green and adaptable structures for electronics.

Traditional solid-state and flexible electrolytes are poly(vinyl
alcohol) (PVA)-based gels. They are not feasible for flexible
energy storage materials because of their intrinsic leakage
problem." ™ Therefore, polymeric hydrogels have attracted
much scientific interest due to their versatile properties.'®™®
However, when not combined with other materials, polymeric
hydrogels are often mechanically weak or brittle."® Previously,
several strong and flexible multifunctional polymeric hydrogels
with external stimuli sensitive materials'”'*>* have been
developed; in these structures, the interstitial spaces between
the polymer chains are filled with water, resulting in a poten-
tially conductive medium for flexible sensors or electrolytes for
flexible energy storage materials." In order to realize flexible
energy storage devices, researchers have developed a double
network hydrogel (DN hydrogel) electrolyte for supercapacitors
with elasticity, reversibility and stretchability.® Properly
designed, the conductive hydrogel could even be applied under
critical conditions.?® Yet, several pending issues still need to
be resolved, such as avoiding the evaporation of water and
reducing the high cost of the conductivity fillers to obtain high-
performing polymeric hydrogels.

Ionic liquids (ILs) are low melting point salts that are
often considered to be ‘green’ solvents for organic synthesis,
catalysis, and electrochemistry.?’° The electrochemical char-
acteristics of ILs are very alluring, such as low volatility, thermal
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stability, high ionic conductivity, and a wide electrochemical
operational window."”*>*"*? These unique properties make ILs
applicable as flexible and solid-state electrolytes. Ion gels
derived from ILs are structurally similar to polymeric hydrogels,
but they contain a large amount of ILs in the polymer network
instead of water. In comparison to hydrogels, ILs have no
solvent evaporation or leakage problems, but their conductivity
is comparable to that of liquid electrolytes.**** Typically, ion
gels can be classified into two categories based on whether
ILs are involved in the polymerization reaction: polymerizing
IL monomers and locking ILs in a polymer matrix.”> Due to
restricted ion transport after polymerization, the conductivity
of polymerized ion gels is often two orders lower than that of
neat ILs.>* 7 An alternative method for producing an ion gel is
simply blending ILs and polymers, e.g., PVA or polyethylene
oxide (PEO).>"® Due to the weak mechanical properties of these
ion gels, their applications in solid-state electrolytes and flexible
sensors are limited.* The ILs used for fabrication of ion gels are
also often toxic and expensive,'”*"** and may harm the human
body when used as wearable devices. Therefore, more economical
and nontoxic ion gel materials are desired when targeting the
development of wearable and flexible devices.

Deep eutectic solvents (DESs) are a relatively new class of
green solvents that are often considered to be a sub-class of
ionic liquids. They can easily be produced by simply mixing two
inexpensive commercially available raw materials at a specific
temperature.’®*" The resulting mixture is self-associated through
hydrogen bonding, often at a temperature below 100 °C.*>*?
Similar to ILs, DESs also show negligible vapor pressure, thermal
and chemical stability, a wide electrochemical operational
window, and high ionic conductivity.’>** In comparison to
ILs, DESs also offer several advantages, such as low cost, easy
synthesis, green origin, and biodegradability.** DESs have been
widely used as electrolytes to produce nanoparticles electro-
chemically, especially the DES based on choline chloride
(ChCl):urea (U) and choline chloride:ethylene glycol (EG).*®
A DES prepared from choline chloride and orcinol was used
for self-polymerization of 2-hydroxyethyl methacrylate (HEMA)
to fabricate a highly transparent stretchable gel*® with good
capacitive (>200 F g~") behavior. Moreover, a DES prepared
from choline chloride and glycerol was found to be a candidate
with high potential for use as a non-aqueous liquid electrolyte
in electrochemistry.*”*® Therefore, DESs can potentially be
locked as a conductive medium in a polymer matrix without
losing conductivity in order to construct a solid-state ion gel.

Apart from the above-mentioned applications of DESs, some
studies have reported on a variety of DES applications in
selective dissolution and extraction of biomaterials, such as
chitin,****~* cellulose,”*>* and lignin.”*~>° Application of a DES
in free-radical polymerizations for the synthesis of functional
materials has also been described.*® From this perspective, the
present work used a DES composed of choline chloride, urea,
and glycerol (ChCl-U-G) as a medium for the free-radical poly-
merization of acrylamide (AM). Cellulose pulp from eucalyptus
was directly dispersed in the DES to reinforce the mechanical
property of the obtained ion gel. We successfully locked the
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conductive DES in the double network (cellulose and polyacryl-
amide) ion gel. The obtained ion gel is sensitive to external
force, and it could be used as an electronic skin device to
monitor grasping motions. This type of ion gel can also be
used as a solid flexible electrolyte and as a separator for
supercapacitors. Therefore, the ion gel was used to fabricate a
symmetric supercapacitor. Moreover, the ion gel had a wide
operating voltage window of 2 V due to the electrochemical
stability of the DES.””

Experimental
Materials

Choline chloride (ChCl), urea, glycerol, and ammonium peroxy-
disulfate (APS) were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). AM and N,N’-methylene-
bisacrylamide (MBA) were obtained from Macklin (Shanghali,
China). All chemicals were analytical-reagent grade and used
without any further purification. Commercial kraft cellulose
pulp from eucalyptus was used as the dry sheets. It was torn
into pieces by hand and dried for further use.

Preparation of the DES

The DES composed of ChCl-U-G, with a mole ratio of
1:2:(0 to 0.9), was prepared in an Erlenmeyer flask and
transferred to an oil bath with magnetic stirring at 100 °C until
it became transparent. The resulting mixtures were categorized
according to the mole ratio of glycerol as follows: DES,, DES; s,
DES 5, DESy 5, DES, 7, and DES, o. The electroconductivity (EC)
of the DES was measured using an EC meter (FE30 Plus, Mettler-
Toledo, Switzerland) at 25 °C.

Preparation of ion gel

The conductive ion gel was prepared by in situ free radical
polymerization of AM in the DES in the presence of cellulose
pulp as a reinforcement material. In detail (shown in Table 1),
first, APS was dissolved in the DES with a mass ratio of 3:100
to guarantee its dissolution and trigger the polymerization.
Cellulose (0, 1, 2, 3, and 4 wt% with respect to the weight of AM)
was then dispersed in a portion of pure DES (18 g) at 100 °C
until it formed a homogeneous solution, after which the mixture
was cooled to room temperature. Next, 3 g of AM and 0.03 g of
MBA were added to the DES, and the resultant mixture was
stirred for 30 min at 40 °C. Subsequently, the mixture was
cooled to 25 °C and 2.06 g of APS-DES solution was added to the
system with stirring for 5 min. Then, the mixture was placed in

Table 1 Chemical compositions of the synthesized ion gels based on the
DES

Sample AM (g) Cellulose (Wt%) MBA(g) APS(g) DES (g)
DPO 3 0 0.03 0.06 20
DP1 3 1 0.03 0.06 20
DP2 3 2 0.03 0.06 20
DP3 3 3 0.03 0.06 20
DP4 3 4 0.03 0.06 20
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a desiccator under a vacuum condition to remove any bubbles.
Finally, the mixed solution was cast into moulds and sealed at
100 °C for 2 h. The obtained ion gel was removed for further
polymerization at room temperature for another 24 h.

Characterization of the ion gel samples

DES was removed from the ion gel samples by impregnating the
samples repeatedly in water. The hydrogels were lyophilized to
obtain dry aerogels for further analysis (Fourier transform
infrared [FTIR] spectroscopy, X-ray diffraction [XRD], and field
emission scanning electron microscopy [FE-SEM]). FTIR spectra
were recorded in the attenuated total reflectance (ATR)
mode with a VERTEX 80V spectrometer (Bruker, Rheinstetten,
Germany) at room temperature in the range of 4000-400 em !
(4 em™" resolution). The crystalline structure of all the samples
was characterized using a Bruker D8 ADVANCE instrument with
CuKuo radiation (4 = 1.5406) (40 kV, 30 mA). The samples were
recorded from a 20 angle of 5° to 55° with a scanning speed of 4°
per minute. For morphology analysis, the samples were coated
with a thin gold (Au) layer under a vacuum condition using a
sputter coater and imaged by FE-SEM with a voltage of 20.0 kV
(Hitachi SU8220, Tokyo, Japan).

All the mechanical properties were measured at room tem-
perature using a universal mechanical testing machine (5966,
INSTRON, Canton, MA, USA) at a crosshead speed of 50 mm
min~". For the tensile stress-strain test, the samples were
shaped in 50 mm x 10 mm x 5 mm polytetrafluoroethylene
(PTFE) molds. The unconfined compression stress (o)-strain (¢)
tests were performed on cylindrical samples (20 mm in
diameter and 20 mm in height). The self-recovery properties
were investigated with a compressive loading-unloading test
using 50 time loops.

The ion gel samples, with a size of 50 mm x 5 mm x5 mm,
were sandwiched between two ends. The resistance of the
ion gels was then determined using linear sweep voltammetry
(LSV) on an electrochemical workstation (CHI660E, Chenhua
Instrument Inc., Shanghai, China), and it was calculated using
Ohm’s law (eqn (1)):

R=UI (1)

where R is the resistance (Q), U is the open circuit potential of
the conductive ion gel (V), and I is the current corresponding to
the open circuit potential (A). The conductivity of the ion gel
was calculated by eqn (2):

1L
°=23 (2)
where G, L, and S are the conductivity (S ecm ™), thickness (cm),
and electrode area (cm?), respectively.

The real-time electrical signals of the ion gel sensor were
recorded on an electrochemical workstation (CHI660E, China)
using the amperometric -t curve program under a constant
voltage of 5.0 V. The ion gel sample, with dimensions of 40 mm
x 5 mm x 5 mm, was attached to the joint of the back side
of the index finger to monitor the strain-induced changes
in the electrical current. The relative change of the resistance
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(AR/Ry, AR is the resistance change and R, is the initial
resistance) was calculated using Ohm’s law.

Porous carbon (PC), with a specific surface area of 1573 m* g~
and prepared from waste palm, was used as an active material
for the supercapacitor. The PC, acetylene black, and PTFE
(mass ratio, 8:1:1) were mixed in ethanol and ground in an
agate mortar to obtain a black slurry. The slurry was evenly
spread on a slice of nickel foam, and then dried in a vacuum
oven at 100 °C for 8 h. The electrodes were then pressed under
10 MPa for 1 min with a loading of 2-3 mg cm > The
symmetric supercapacitors were assembled from two identical
electrodes. The ion gel was directly used as the electrolyte and
separator to prepare the symmetric electric double layer super-
capacitor (EDLC). The electrochemical properties of the EDLS
were investigated by using an electrochemical workstation
(Reference 600+, Gamry). Cyclic voltammetry (CV) measure-
ments were carried out at different scan rates (5, 10, 20, 50,
and 100 mV s ') in the potential window ranging from 0 V to
2 V. Galvanostatic charge/discharge (GCD) was recorded at
different current loads of 0.2, 0.3, 0.4, 0.5, and 1.0 A g .
The electrochemical impedance spectroscopy (EIS) tests were
operated at 5 mV amplitude, and the frequency ranged from
0.01 Hz to 100 kHz at the open circuit potential.

The single electrode-specific capacitance, energy density,
and power density were determined using eqn (3)—(5):

4T At 3)
T om-AV

Cs - AV?
E_2~4~3.6 (4)
P=Et" (5)

where C, denotes the specific capacitance (F g %), I is the
discharge current (A), A¢ is the discharge time (s), AV is the
voltage change (V), and m is the total mass of the loaded PC in
each electrode (g). E is the energy density (W h kg™ ') and P is
the power density (kW kg™ ).

Results and discussion
Design and synthesis of ion gel in DES

The present study used a DES that was composed mainly of
ChCl and urea, which are non-toxic, low-cost compounds that
possess excellent dispersibility of cellulose. However, the ionic
conductivity of this binary DES is low. Therefore, a small
amount of glycerol was added to increase its ionic conductivity.
Fig. 1 shows the effect of glycerol on the ionic conductivity
of the ChCl-urea DES. Obviously, the addition of glycerol
dramatically increased the conductivity of ChCl-urea. The
conductivity of ChCl-U-G with a molar ratio of 1:2:0.125
was 0.822 mS cm !, which is comparable to that of the ChCI-
glycerol DES®® (0.106-1.047 mS cm ™" at 20 °C). Further addition
of glycerol does not affect the conductivity too much. Taking
into account the possible leakage of additional glycerol from the
DES after the polymerization of AM and its possible negative

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 lonic conductivity of ChCl-U-G based DESs with different
amounts of glycerol at 25 °C (a. the conductivity of ChCl-urea at 40 °C®?).

influence on the polymerization process, ChCl-U-G with a
molar ratio of 1:2:0.125 was selected as the solvent for
dispersion of cellulose and the medium for the polymerization
of polyacrylamide (PAAM) to synthesize the conductive ion gel.

PAAM-based hydrogels are non-toxic and biologically inert,
which give them the potential to be applied in drug delivery,
wound dressing, and smart devices.”>®® However, a pure PAAM
hydrogel synthesized in water is brittle, and it easily fractures
upon stretching, which limits its application in flexible and
wearable devices. Therefore, efforts have been made to improve
the mechanical properties of PAAM hydrogels using materials,
such as nanofillers.®””®* Nanocellulose is widely used in this
area due to its abundance in nature, its biocompatibility, and
its availability. In the present work, a facile one-pot fabrication
of PAAM containing a DES ion gel is shown in Fig. 2a. Cellulose
fibers were directly used to reinforce the mechanical properties
of the ion gel. This straightforward and simple approach does
not require the use of cellulose nanomaterials.®* The ion gel
without any cellulose (DP0) was highly transparent, and the
transparency decreased as the content of cellulose increased
(Fig. 2b). The obtained ion gel showed strong adhesion towards
rubber and stainless steel (Fig. 2c). Interestingly, the obtained
ion gel was highly stretchable, and it showed excellent

(a)

(b)
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mechanical properties in comparison to the ion gel obtained
in water (without DES)* (Fig. 2d). Moreover, the locked DES in
the polymer crosslinked network provided electrical conductivity
for the ion gel and extended its potential for use in different
electronic applications.

Mechanical and conductivity properties of the ion gels

As shown in Fig. 3a, the contribution of cellulose to the
mechanical properties of the ion gel by changing the cellulose/
DES mass ratio was evaluated first. The resulting ion gels were
categorized based on the amount of cellulose as follows: DPO,
DP1, DP2, DP3, and DP4 (Table 1). All the ion gel samples were
highly stretchable, having a strain at break >200%. However,
cellulose played a critical role in the mechanical properties of the
ion gels, and the tensile strength of the ion gels increased with
increasing cellulose content, especially in the case of DP3 and
DP4, which had a tensile strength of 45.4 kPa and 55.5 kPa,
respectively. In comparison to the pure ion gel, the tensile
strength of the cellulose-reinforced ion gels improved by
3.2-3.9-fold. The elongation of the ion gels increased with the
addition of cellulose to the samples that contained a lower
amount of cellulose, but it decreased as the concentration of
cellulose increased. The role of cellulose is likely ascribed to its
ability to transfer the external load, similar to that in a wood
structure.®® However, its rigidity may cause the low elongation of
ion gels. This phenomenon is similar to what was previously
reported with poly(acrylic acid) hydrogel reinforced with
cellulose nanocrystals.”> Moreover, the excellent mechanical
properties are attributed to the trapped DES, which formed a
large number of hydrogen bonds between the PAAM chains.
Thus, the DES plays a dual role as a filler in a polymer matrix and
as a conductive agent for ion gels. The tensile strength of the
DES-based double network ion gel is relatively lower than that of
the more recently reported ion gel,*™* in which the tensile
strengths of the obtained ion gels were all above 100 kPa, even
up to tens of megapascals. But, when used as a solid state
electrolyte, the compressive property is more important.

The conductivity of ion gels was calculated according to
eqn (1) and (2) by testing their resistance using the LSV program
conducted on the electrochemical workstation. It was noted
that the addition of cellulose to DES/PAAM had a relatively

Fig. 2 Schematic of the preparation process of DES-based ion gels (a). The digital photos of the obtained ion gel with variable cellulose contents (0—-4%)
in a glass tube (b). The appearance of the ion gel (DP3) and its adhesion to rubber gloves and stainless steel (c). Visual images showing the flexibility and

conductivity of the ion gel (DP3) (d).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Tensile strength (a) and conductivity (b) of the ion gels with different cellulose contents (0—4%). Typical compressive stress—strain cycles of DP3,
insets are cylindrical ion gel and a weight on ion gel (c) and current change of DP3 under various strains (d).

small impact on the conductivity of the ion gel (Fig. 3b). Actually,
DP3 showed the highest conductivity among the ion gels, which
was likely due to the extra ion diffusion pathway realized
through the electrolyte uptake by the cellulose fibers.”” PEO
incorporating various ILs is considered as a prevalent approach
to make solid state electrolytes. The ionic conductivity of the
obtained ion gel ranges from 0.01 to 2 mS cm™~.**"" Also, one
study reported the superior ionic conductivity property of PVA/IL
ion gel.”? In contrast to IL-based ion gels, as designer solvents,
DES-based ion gels are a promising alternative for making solid
state electrolytes. Consequently, due to the mechanical charac-
teristics and conductivity of the ion gel samples, DP3 was used as
the representative sample for further analysis.

It is well known that pure PAAM hydrogels show a ductile
fracture with strain under a compression test.®* However, in the
present study, the cellulose-reinforced DES ion gels showed
tough and highly resilient features (Video S1, ESIT). The cyclic
strain-stress curves of DP3 at a fixed strain of 60% are shown in
Fig. 3c. The hysteresis loop is obvious because of the strong ion
gel, which offers remarkable energy dissipation from bond
breakage.”” The cylindrical ion gel was able to withstand a
weight as high as 500 g (Fig. 3c, inset). It could be recovered
rapidly after the release of compressive force or even compac-
tion by rolling without any cracks (Video S2, ESIt). These
superior properties may be attributed to the unique structure
of the network, which consists of intensive hydrogen bonds
between the PAAM chains and DES. When the DP3 ion gel was
applied as a solid-state electrolyte for EDLCs, the compressive
force had a positive effect on its conductivity, as depicted in
Fig. 3d. The current of the ion gel first increased; it was then

554 | J Mater. Chem. C, 2020, 8, 550-560

constant as the compressive strain increased. The current of
DP3 was only 4.5 x 10~* A under 0% compression, and it
quickly increased to 10.8 x 10~* A under 40% compression,
which is 2.4 times higher than the initial value. This result also
indicated that the conductivity of the ion gel could be increased
by more than 1.44 times according to eqn (2), and by assuming
that the area of the ion gel is constant (the real area of an ion
gel expands under compressive force). This can be ascribed to
the fact that compressive force breaks the non-covalent
bonds and weakens the storage modulus, which increases the
mobility of the ions in the gel.>' Therefore, DES ion gels can be
considered to be excellent candidates for solid-state electrolytes
in supercapacitors.

Physicochemical properties of the ion gel

To better understand the interactions between the cellulose
reinforcement and PAAM, FTIR and XRD analyses of the ion
gels were performed. After exchanging the DES of the ion gel
with water, no cellulose fiber was observed in the water
solution, which indicates that the cellulose was well bonded
and embedded in the PAAM matrix. The obtained hydrogel
(without DES) was fragile, which further demonstrated the
important role of DES in improving the mechanical properties
of ion gels. The FTIR spectra of the cellulose and the DP0 and
DP3 aerogels are shown in Fig. 4a. The intense absorption peak
at 3332 cm ' is due to the stretching vibration of O-H. The other
characteristic absorption peaks at 1023 cm™ ' and 1159 cm ™’
are due to C-OH stretching and the asymmetric stretching
vibration of C-O-C for cellulose. For DPO, the broad bands
around 3186 em™ " and 3338 cm ™" were due to the stretching

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 FTIR spectra (a), XRD patterns (b) and FESEM images of cellulose (c), DPO (aerogel, d) and DP3 (aerogel, e).

vibration of N-H. The typical peaks at 1647 cm™ ' and 1603 cm ™"

were attributed to the carbonyl stretching (amide I) vibration and
the N-H bending vibration (amide II).”* The DP3 spectra showed
peaks that were similar to the peaks of the DP0 spectra; however,
the intensity of the peak at 1023 cm ™" increased, which is due to
the C-OH stretching from cellulose. Fig. 4b shows the XRD
patterns of the cellulose and the DPO and DP3 aerogels. The
main peaks around 16.4°, 22.7°, and 34.6° are typical peaks for
cellulose.”” DPO showed a broad peak at 22.5°, which is a
characteristic peak of PAAM.”® As seen for the DP3 hybrid
aerogel, all of these corresponding peaks confirm that cellulose
was successfully embedded in the PAAM matrix. The morphol-
ogy of the cellulose and the DPO and DP3 aerogels is shown in
Fig. 4c-e. The diameter of the cellulose fibers was about 10 um.
The morphology of the DP0 aerogel exhibited a porous structure,
which is similar to that of the ion gel polymerized under a water
condition.® For the DP3 aerogel, the cellulose fibers were clearly
visible and embedded in the structure (as noted by arrows).
Therefore, inter- and/or intra-molecular interactions existed
between the PAAM and cellulose. The formation of the hydrogen
bonds or van der Waals interactions between these two polymers
is beneficial for improving the mechanical properties of ion gels.

Applied as strain sensor

To illustrate the conductivity of the ion gel, a battery powered
circuit containing an LED bulb was used. The lightened bulb
connected through the DP3 ion gel is shown in Fig. 5a. The
luminance was very stable with various deformations of the DP3
ion gel, which indicates its good conductivity. The LED bulb was
only extinguished when the ion gel was cut and separated to
form an open circuit. Interestingly, the LED bulb recovered and

This journal is © The Royal Society of Chemistry 2020

showed the same luminance as the primary ion gel when the
cracked ion gels were only put in contact through a small
surface. The luminance of the two pasted surfaces was also
the same as that of the primary and touched surface ion gels.
Most of the reported conductive hydrogels are not as sensitive
when reconnecting two cut surfaces, but they may recover their
conductivity by self-healing after several minutes or hours to
regain ion diffusion equilibrium.”®”””® The obtained results
demonstrated the excellent conductivity, repeatability, and quick
restoration of the electrical performance of DES-based ion gels.
This performance is likely due to the porous structure of PAAM,
which entraps highly conductive DES and enables the formation
of an even and continuous ion gel. The ion gel also exhibits
mechanosensitive properties. The luminance of the LED gradu-
ally decreased with increasing tensile strain, as shown in Video
S3 (ESIY). Therefore, the DES-based ion gel has the potential for
use in applications such as electronic skin or smart devices.

The strain-sensitive ion gel was applied to monitor joint
motion by fixing it onto the joint of a finger. Due to the different
tensile deformations of the ion gel during the grasping motion
(Fig. 5b), its resistance could be altered. Fig. 5c shows the
corresponding current change of the grasping motion. With
the step-by-step changes in the grasping motion and tensile
deformation, the increased resistance of the ion gel varied
systematically. After the palm was opened, the stretched ion
gel became completely relaxed and the resistance could be
restored to its initial value. A continuous bending test was used
to illustrate the rapid response, repeatability, and stability of the
sensor (Fig. 5d and e).

In summary, these results demonstrate that the DES-based
ion gel exhibits excellent real-time monitoring ability and
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possesses the strain-sensitive properties of conductive elasto-
mers. It is important to note that all of the chemicals used
in the present study are non-volatile and have a higher
boiling point than water, which enabled the ion gels to work
in a wide temperature range. More importantly, the polymer
matrix (PAAM) used in this study is bio-safe,”” and the
electrically-conductive mixture (DES) is low-cost and nontoxic,
while the reinforcement (cellulose) is a natural and readily
available biomaterial. Therefore, the DES-based ion gel can be
considered to be a cost-effective, accessible, and competitive
candidate for fast responsive actuators and sensory skin in
robotic systems.

Ion gel as a solid-state electrolyte for symmetric
supercapacitors

The ion gel (DP3) film was prepared by casting it in a glass Petri
dish and curing it. The thickness of the film was about 0.5 mm.
The ion gel film was directly used as a separator and solid-state
electrolyte for fabrication of a coin cell type EDLC. The electro-
chemical performance of the supercapacitor was investigated in
a two-electrode configuration. Fig. 6a shows the cyclic voltammo-
grams at scan rates ranging from 5 mV s~ to 100 mV s~ '. Due
to its good mechanical properties, the ion gel film successfully
separated the positive and negative electrodes of the EDLC
because no short-circuit was observed. The shape of the CV
curves is almost quasi-rectangular at a lower scan rate, which
indicates that two capacitive layers are formed at the electrode—
electrolyte interface.®* When the scan rate increased to
50 mV s, the shape significantly changed to a shuttle form.
This deviation is associated with the high internal resistance in
the system. The GCD tests of the EDLC at different current
densities are shown in Fig. 6b. The GCD curves are symmetrical
triangles, and the relationship between voltage and time
is linear under constant current charging-discharging; thus,
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the interface between the electrode and electrolyte only under-
went reversible ion adsorption and desorption, but no faradaic
reaction.

The resistance of the proposed ion gel still requires improve-
ment. The specific capacitances of the EDLC, calculated from
the GCD results, were 161.8, 141.8, 132.1, 125.6, and 76.6 F g~
at a current density of 0.2, 0.3, 0.4, 0.5, and 1.0 A g’l,
respectively. This result is comparable to PEO and 1-ethyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl)-imide (EMImTFSI)}
based ionic liquid gel electrolytes and activated carbon-based
electrodes at a current density of 1.0 A g~ (ranging from
12.04 F g ' to 90.28 F g ').*" The specific capacitances
decreased as the current density increased, which further
proves the high internal resistance in the system.

The Nyquist impedance spectrum of the EDLC obtained
from the EIS test is shown in Fig. 6c. The Nyquist plot showed
a semicircle behavior at high frequencies, which is associated
with the electron-transfer reaction at the electrolyte/electrode
interface. That was followed by a straight line, which is almost
parallel to the imaginary axis of the impedance in the low
frequency region corresponding to the Warburg impedance
associated with the charge diffusion process in the electrode
materials.?* This system showed a typical behavior of capacitive
and porous interfaces.

The intercept on the real axis at high frequencies represents
the internal resistance (R;, 58.1 Q), i.e., the resistance of the
electrode, connection resistance, and electrolyte of the device.
The diameter of the semicircle is related to the charge transfer
resistance (R, 37.2 Q). As expected, R; is very high due to the
high resistance of the ion gel electrolyte. The charge transfer
resistance is related to the electrode-electrolyte interface and
the pore structure of the electrodes. The resistance arising from
the electrodes is likely negligible because a previous study
showed that activated carbon is a suitable material for

This journal is © The Royal Society of Chemistry 2020
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supercapacitors.®> The main electronic resistance is derived
from the interfacial resistance between the inhomogeneity of
the electrolyte-electrode interfaces. The performance of the
DES-based ion gel as an electrolyte for a supercapacitor is
comparable to those of IL incorporated polymer electrolytes
with a charge transfer resistance ranging from 30 Q to 60 Q.5*%3
The long-term cyclability of the DES-based ionic gel super-
capacitor was investigated using the GCD method at a current
density of 1.0 A g~ for over 2000 cycles (Fig. 6d). The results
showed that the proposed DES-based ionic gel supercapacitor
had good durability with a remarkable capacitance retention of
95.3% after 2000 cycles.

Based on the GCD results, the relationships between energy
and the power densities are portrayed in Ragone plots (Fig. 7a).
The DES-based ion gel electrolyte supercapacitor showed a high
energy density of 22.47 W h kg™ " at a power density of 0.11 kW kg™"
due to the wide operating voltage of 2.0 V and the excellent
capacitance of the EDLC. The DES-based ion gel showed a
relatively high internal resistance resulting from the decrease
in the capacitance of the EDLC as the current density increased.
The energy density decreased with the increased power density;
this could be ascribed to the limitation of the ion mobility
of the DES-based ion gel electrolyte during the fast charge-
discharge cycle. However, the energy density (10.64 W h kg™ ') is
still acceptable at a power density of 0.5 kW kg™ '. In compar-
ison to different ionic liquid-based ion gel electrolytes for the
EDLC system, both the energy and power densities are compar-
able (Fig. 7a). To demonstrate the practical application of

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Ragone plots of the EDLC with the DES-based ion gel electrolyte
and some of the reported values of ionic liquid-based ion gel electrolytes
(a), and the EDLC fabricated with the DP3 ion gel as the power source of a
clock (b).

supercapacitors, two supercapacitors were connected in series
(Fig. 7b) and used as a power source for a clock. Table 2 shows a
comparison of the DES-based ion gel electrolyte with the ionic
liquid-based ion gel electrolytes in the EDLC system. Although
the conductivity of the DES-based ion gel is lower, it is compa-
tible with the electrodes, and it has a wide operating voltage
window, resulting in a high performance EDLC. These results
indicate that the DES-based ion gel electrolyte is feasible as a
low-cost, solid-state electrolyte. However, the conductivity of
ion gels must be improved. Since DESs are tailorable and easy
to make, the DES-based ion gel with a high ion conductivity
could be produced and applied as a new type of competitive
solid-state electrolyte for flexible and high-performance
supercapacitors.
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Table 2 Comparison of the performance of the DP3-based ion gel with other IL electrolytes from the literature (the electrodes are all activated carbon)

Gel polymer o (mS em ™) Cs(Fgh@rag! Voltage (V) Ref.
PILTFSI/PYR14FSI (IL-b-PE2) 2.1 150 3.5 83
PVDF-HFP/EMimTFSI + LiTFSI 4.5 108 2.0 84
EMIMTFSI-PEO-FPC 6.7 83.39 3.5 81
PEGMA-PEGDMA-P13FSI 1.6 ~18 2.5 85
PVA/CH;COONH,/BmImCI 7.31 31.28 1 86
PVA-Li,SO,-BMIMI 46.0 ~350 1.5 87
PVA-Li,SO,-BMIMCI 37.2 ~130 1.5 87
DES-cellulose-PAAM 0.58 76.6 2.0 This work

Conclusions

This study proposed a new type of DES-based ion gel. The ion gel
was produced by free radical polymerization of AM in a DES of
ChCI-U-G. Cellulose pulp fibers were used as a reinforcement to
increase the mechanical properties of the ion gel. DES was
successfully locked in a PAAM polymer matrix through non-
covalent bonding (hydrogen bond and van der Waals’ inter-
actions). The obtained ion gel was conductive, flexible, strong,
and recoverable. The tensile strength and strain could be
improved by 3.2-fold and 2.2-fold, respectively, by the addition
of 3% cellulose. The ion gel even resisted the critical compres-
sion strain without any cracks. The sensor testing results indi-
cated that the DES-based ion gel could be an excellent responsive
actuator and sensory skin for robotic systems.

The DES-based ion gel also possessed high ionic conductivity
(0.58 mS cm™") and a wide operating voltage window (2 V). The
performance of the EDLC system fabricated with this ion gel
(solid-state electrolyte) was evaluated using CV and GCD cycling.
The EDLC exhibited a high specific capacitance of 76.6 F g~ at
1.0 Ag ' and a high energy density of 10.64 W h kg™ ' at a power
density of 500 W kg™ It also exhibited excellent cyclic stability
up to 2000 cycles at a current density of 1.0 A g, thereby
achieving a high capacitance retention of 95.3%. This study
provided an application of DES in electronic materials. Finding
a highly conductive and low expenditure DES-based ion gel
could add much value and boost the development of both solid-
state electrolytes for supercapacitors and other electronic
materials.
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