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Ionogel electrolytes can be fabricated for electrochemical actuators with many desirable advantages,
including direct low-voltage control in air, high electrochemical and thermal stability, and complete silence
during actuation. However, the demands for active actuators with above features and load-driving ability
remain a challenge; much work is necessary to enhance the mechanical strength of electrolyte materials.
Herein, we describe a cross-linked supramolecular approach to prepare tough nanocomposite gel
electrolytes from HEMA, BMIMBF4, and TiO2 via self-initiated UV polymerization. The tough and stable
ionogels are emerging to fabricate electric double-layer capacitor-like soft actuators, which can be driven by
electrically induced ion migration. The ionogel-based actuator shows a displacement response of 5.6 mm to
the driving voltage of 3.5 V. After adding the additional mass weight of the same as the actuator, it still
shows a large displacement response of 3.9 mm. Furthermore, the actuator can not only work in harsh
temperature environments (1006C and 2106C) but also realize the goal of grabbing an object by adjusting
the applied voltage.

E
lectrochemical actuators have been intensively developed over the past decades due to their desired mech-
anical performance in intelligent robots, which are convenient substitutes for air- and fluid-derived
devices1–5. Their typical structure is composed of one ionically conductive electrolyte sandwiched by two

electrically conductive electrodes, which can bend to allow the redistribution of different sizes of cations and
anions under applied voltage6–8. Relative to the well-developed electrode materials, the electrolytes originated
from electro-active polymers (EAP) are rarely discussed9–15. For the electronic EAPs (such as electrostrictive and
dielectric polymers), the high electrical fields required for effective displacement has limited their broad applica-
tion due to safety reasons2,16–19. Ionic EAPs including ionic polymer metal composites (IPMC) and gels are
suitable electrolytes to fabricate actuators, which can be driven under voltage as low as 1–5 V7,20–23. A typical
actuator with water-swollen nafion films and metal electrodes can produce large bending displacements and high
force densities24,25. However, there is a need to maintain their moisture and chemical stability. To address this
issue, the ionogels with flexible ionic conductivity are more appropriate building blocks for the evolution of
actuators due to easy ion transport, chemical and thermal stability26–29.

As pioneering examples, gel electrolytes of polymer/ionic liquids have been used to fabricate electrochemical
actuators, which can quickly move in air with low voltage10. Chen’s group has reported a series of actuators
fabricated by electrolyte membranes of bio-polymer chitosan or fluorinated polymer/ionic liquids30–32. The good
compatibility of ionic liquid with polymer allows the effective ion transportation within electrolyte, exhibiting
considerable bending actuation behaviour at low applied voltage. Another typical work done by Aida’s group is
the bucky gel-based actuator with polymer-supported ionic-liquid layer33–36. The polymer electrolyte for the ideal
fabrication of actuator should be mechanically strong to achieve effective loading ability37,38. The current ionic
polymer gels prepared by simple blending or by covalent polymerization of vinyl monomers do not have
sufficient mechanical strength for this requirement. Recently, ionogels formed by the supramolecular effect
between block copolymers and ionic liquids with/without nanofiller have exhibited high mechanical strength39–43.
The non-covalent interactions can endow the gels with high mechanical strength and superior self-healing ability
to supramolecular materials44–50. Inspired by these pioneering studies, we employed TiO2 nanoparticles to initiate
photo-polymerization to prepare a supramolecular nanocomposite ionogel that possesses both the mechanical
strength of polymer and the electrochemical behaviour of ionic liquid.

Results
Preparation of ionogel. Our ionogel electrolytes can be simply prepared from the following components: 1-
butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4), hydroxyethyl methacrylate (HEMA), and TiO2
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nanoparticles (TiO2-NPs) (Figure 1a). Firstly, 0.01 g TiO2-NPs and
0.10 g HEMA are dissolved in 0.89 g BMIMBF4 via magnetic stirring
to form a viscous solution (Figure 1c). Then, BMIMBF4-based
ioniogels can be formed by irradiating the as-prepared homo-
geneous solution with UV light (Figures 1d and 1e). TiO2-NPs
have demonstrated the ability to trigger photo-initiated polymeriza-
tion during heterogeneous polymer synthesis. The UV-generated
hole (h1) from TiO2-NPs (Figure 1b) is the initiator for the
polymerization of HEMA; it can directly react with non-covalently
adsorbed HEMA to form a surface monomer radical by abstracting
hydrogen. The existence of long-lived propagating radicals has been
confirmed by the electron paramagnetic resonance (EPR) spectrum
of the BMIMBF4 solution containing TiO2-NPs and HEMA during
UV irradiation. The TiO2-NPs should be taken as the non-covalent
cross-linking points for the formation of nanocomposite ionogel.
Our BMIMBF4 based ioniogel is free of any additional cross-linker
and conventional initiator, which may hamper the electrochemical
performances.

Characteristics and mechanical properties of ionogels. To under-
stand the gelation kinetics of such a system, we conducted time sweep
measurements to monitor the storage modulus (G9) and loss
modulus (G0) as a function of time (Figure 2a). A crossover point
between G9 and G0 curves appears at 15 minutes, indicating the rapid
gelation process of this system. At the equilibrium point after 55
minutes, the value of G9 is 3.5 times larger than that of G0,
indicating the formation of an elastic gel. Additionally, the final
conversion of the monomer is over 96% after 60 minutes of UV
irradiation (Figure S1), which is supported by the measurement of
thermo-gravimetric trace (TGA). The mass loss of volatiles resulting
from the residue monomers can be detected by TGA due to the
thermal stability of ionic liquid and the formed polymer51.

The BMIMBF4 based ionogel shows a high level of toughness
when undergoing large deformations and does not show any sign

of damage under compression. The compression tests reveal that the
increase in TiO2-NPs enhances the compressive properties of the gel
(Figure 2b). Because the modulus at the beginning stage and the
compressive strength at a strain of 98% follow similar trend, the
Young’s modulus in the compression test was selected as the mech-
anical index for the optimisation of synthetic conditions. The value of
Young’s modulus increases from 4.10 kPa to 7.87 kPa as the amount
of TiO2-NPs increases from 0.2 wt% to 1 wt% (Table S1). The
increase in TiO2-NPs should lead to more cross-linking sites and
higher conversion, which both contribute to the final mechanical
performance. When the amount of TiO2-NPs increases from 1
wt% to 1.5 wt%, the value of Young’s modulus only increases from
7.87 kPa to 9.13 kPa. Further increase in TiO2-NPs would cause
transmittance problem due to the photo-scattering with large quant-
ities of TiO2-NPs. The optimised amount of TiO2-NPs was selected
to be 1 wt% after comprehensive consideration of the aforemen-
tioned data and the relatively large tensile deformation and tensile
strength (Figure S2).

A morphological analysis of the cryo-dried sample using scanning
electron microscopy (SEM) indicates that the porous microstruc-
tures occur ubiquitously in the ioniogels (Figure 2d). BMIMBF4 is
a type of ionic liquid with special properties including low melting
point, high conductivity and negligible vapour pressure. The gelated
BMIMBF4 can still maintain a relatively high ionic conductivity of
1.4 mS cm21 (Figure S3) because of the porous 3D-network in the
ionogel. It has been demonstrated previously that the conductive
ionogel with interpenetrating polymer network architecture can be
used as an appropriate solid-state-electrolyte for soft actuator52.

Driving behaviors of actuators. The configuration of the ionogel-
based actuator is shown in Figure 3a. The architecture of the
described flexible actuator is comparable to the electric-double-
layer supercapacitor. The middle layer is the ionogel that contains
a high content of ionic liquid as the electrolyte. The outer layers of

Figure 1 | Proposed mechanism of the BMIMBF4-based ionogel under UV light. (a) Molecular structures of BMIMBF4 and HEMA. (b) The TiO2-

NPs-initiated mechanism under UV irradiation. (c) The precursor solution containing TiO2-NPs, HEMA, and BMIMBF4. (d) Polymerization is initiated

by the TiO2-NPs. (e) The TiO2-NPs and PHEMA are cross-linked to develop a 3D network.
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our actuator consist of two layers of activated carbon and two layers
of gold foil. Activated carbon is chosen for the electrodes, because it
can generate a high specific area and acts as the ion storage carrier.
Gold foil is a conventional and useful electrode material for
fabricating the actuator due to its flexibility, conductivity and low
activity in electrochemical reactions. The displacement of the
assembled actuator was measured by periodically changing the
voltage applied on an actuator strip that is clamped between two
titanium contacts. Figures 3b and 3c show the visible movement of
the ionogel-based electrochemical actuators with and without
loading. Therefore, a series of actuators with different parameters
were processed, fabricated, and characterised. A camera is used to
monitor the accurate displacement continuously. Figures 3d and 3e
show a typical time composition of current and displacement
response of the ionogel-based actuator to the applied driving
voltage of 63.5 V. The charging current is observed to decay over
time when the voltage is applied to the actuator.

Discussion
The actuating behaviour of the gel-electrolyte-based actuator is based
on an ion transfer mechanism. The recorded electric current in the
figure demonstrates that the actuator exhibits a capacitive mech-
anism of the electric double layer formed at the interface of the
activated carbon in the electric double-layer device. As shown in
Figures 4a and 4b, the formation of the electric double layer causes
the swelling of the cathodic side and the deswelling of the anodic side,
which is responsible for the direction of the movement. The mech-
anism of our actuator can be explained as an electric-double-layer
capacitor. When a voltage is applied between two electrodes, the
cations (BMIM1) and anions (BF4

2) in the ionogel-electrolyte are
transferred to the cathode- and anode-activated carbon layers,
respectively. The ion transportation is most likely to result in the
swelling of the cathode layer and the shrinkage of the anode layer

due to the larger size of BMIM1 than BF4
2. As a result, the bending

displacement is always directed toward the anodic side. Cyclic vol-
tammograms, which can characterize the charge-discharge process,
were carried out to estimate the capacitance. Figure S4 shows the cyclic
voltammograms of the actuators, and the calculated capacitance was
102 F/g (at 5 mV/s). Based on the volume change of the transferring
ions53, we can ideally represent the displacement measurements
(Figure 5) and calculate the rotating angle and displacement:

D~Ltan
2kLU
W2

ðEquation S1Þ

where, D is the displacement, L is the free length of the actuator, U is
the applied voltage, W is the thickness of the actuator. And k is a
hybrid constant, which was a function of the specific capacitance of
the actuator, the density and thickness of the activated carbon film,
and the volume of the cation and the anion.

To confirm the hypothesis, the relationship between the generated
displacement with length, thickness, voltage, and frequency were
measured and are listed in Figure 6. There is a positive correlation
between the displacement and the length of the actuator. As the
length increases from 1 cm to 3 cm, the displacement shows an
increase from 0.6 mm to 3.3 mm. The displacement is inversely
proportional to the thickness of the actuator. However, the smaller
displacement with a thickness of 0.2 mm can be attributed to the
limited amount of charged ions that can access the electrode-elec-
trolyte interface. This is because the surface area of the electrodes
plays an important role in achieving high-performance flexible
supercapacitor54. Similarly, the increase in applied voltage tends to
increase the displacement response of the actuator. When the applied
voltage increased from 1 V to 4 V, an increase in the displacement
response was observed from 0.1 mm to 5.9 mm. Figure 6d depicts
the frequency dependence of the generated strain for the actuators.
When the generated strain decreased from 1.28% to 0.007%, we

Figure 2 | The gelation mechanism, mechanical strength, and porous structure of ionogels. (a) Dynamic time sweep of a gelation system containing 89

wt% BMIMBF4, 1 wt% TiO2-NPs, and 10 wt% HEMA at a strain of 1% and a frequency of 1 rad s-1. (b) Compressive properties of the BMIMBF4-based

ionogels with different TiO2 concentrations. (c) EPR spectra of BMIMBF4 consisting of TiO2 and HEMA under UV irradiation for 15 minutes.

(d) SEM images of a freeze-dried BMIMBF4-based gel after replacing the ionic liquid with water.
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observed an extremely large frequency response ranging from
0.005 Hz to 17 Hz. As illustrated in the literature55, the actuator
can be equivalent to a simple resistor-capacitor (RC) circuit and
the quantity of electricity (Q) can be illustrated as followed:

Q~
UC

2pfRCz1
ðEquation S2Þ

where, U is the voltage value, C is the capacitance, R is the resistor,
and f is the frequency of alternating voltage (sinusoidal wave for
example). Therefore, the decrease in the generated strain is attributed
to the decrease in the quantity of electricity accompanied with the
increase in frequency.

With the same additional mass loading to the original weight
(70 mg), the actuator still shows a large displacement response.
The accumulated charge (Q) of each half period can be calculated
by integrating the current. The accumulated charges are calculated to
be 1.8 C and 2.1 C, respectively. The displacement response of the
actuator decreases from 5.6 mm to 3.9 mm, when the actuator
changes from the unloading state to the loading state. The actuator
under loading condition performs an increased amount of the
charged ions along with a slight decrease in displacement. The addi-
tion of mass loading to the flexible gel actuator results in an increase
in the length and conductive pathways, which increases the amount
of charged ions that can access the electrode-electrolyte interface.
The surface areas of the electrodes are also occupied efficiently to
increase the accumulated charges. The ionogel can be moulded as a
cantilevered bender; the decreased displacement can be attributed to
the gravity of the load. The bending moment (Md) can be expressed as:

Md~M{MG ðEquation S3Þ

where, M is the driven movement and MG is the moment caused by
the gravity of load. Hence, we can conclude that if the ionogel moves

with the load, the bending moment will decrease, reducing the bend-
ing moment in the y axis. Compared to a traditional actuator, our
actuator possesses good loading ability with up to 1.5 times the ori-
ginal weight (Figure S5). Based on the loading ability, the ionogel
electrolyte-based actuator can be used as a robot manipulator. As
shown in Figures 4c–f, our actuator can be designed as an artificial
robot to accomplish a catch-and-place cycle with a light object by
adjusting the voltage. Therefore, our actuator can realise the goal of
grabbing objects. In view of the excellent thermostability and low
melting point of ionic liquids56,57, we measured the behaviour of the
actuators in harsh temperature environments. It is interesting that the
ionogel-based actuators can still display a large displacement not only
in a high temperature of 100uC (Figure S6) but also in a low temper-
ature of 210uC (Figure S7).

In summary, we report a novel electro-active actuator based on
supramolecular nanocomposite ionogels. The ionogels are produced
by a TiO2-NPs-initiated UV polymerization, and can be used as
electrolytes in an actuator due to their high strength and easy ionic
diffusion channels. The electro-active actuator exhibits a maximum
of 5.9 mm bending displacement and a maximum of 1.5 times the
loading ability under a voltage of 3.5 V. Interestingly, our actuator
can be designed as an artificial robot to catch and place objects by
tuning the voltage. Our ionogel-based actuator solves the common
problems (i.e., displacement and loading) faced by the actuators
fabricated by the complicated methods. Furthermore, our ionogel-
based actuators can be applied in harsh temperature environments.

Methods
EPR Analysis. The UV light induced free radical polymerization is monitored by EPR
Spectrometer (A300, Bruker). In a typical process, the precursor mixture (BMIMBF4,
TiO2, and HEMA) was placed in the spectrometer and irradiated in situ by ultraviolet
light (average intensity of 20.0 mw/cm2, at 365 nm). The spectrum was recorded after
15 minutes of reaction.

Figure 3 | Actuating properties of the ionogel-based actuators. (a) Photograph of the fabrication process of the ionogel-based actuator. (b) Strain of the

actuator under an applied voltage of 63.5 V. (c) The loading ability of the ionogel-based actuator under an applied voltage of 63.5 V. (d) Current

characteristics of the actuators under loading and unloading conditions when a rectangular square-wave voltage of 63.5 V was applied. (e) Bending

displacement of the actuator under a square-wave voltage of 63.5 V under loading and unloading conditions, respectively.

www.nature.com/scientificreports
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Pre-treatment of SEM samples. The ionogel sample for SEM analysis was firstly put
into distilled water for long maceration period of ten days (the distilled water was
changed three times a day). After that, the obtained hydrogel was cut into a small cube

(5 3 10 3 5 mm). Then, the sample was freeze-dried (Freezing Dryer, Scientz–10N,
Ningbo Scientz Biotechnology Co., Ltd.) and sputter-coated with gold for observation
by scanning electron microscope (Hitachi S-4800, JEOL, Tokyo, Japan) at an
accelerating voltage of 1 kV.

Mechanical Measurement. The compressive stress-strain tests were performed on
ionogels via a tensile-compressive tester (FR-108B, Farui Co.). The cylindrical ionogel
(13 mm in diameter and 6 mm in thickness) was compressed at a rate of 1 mm
min21. The tensile property of the ionogel was also measured. The tested part of the
specimen is 5 mm in width and 10 mm in length with a thickness of 1 mm. The
tensile test of the BMIMBF4-based ionogel was conducted at a rate of 10 mm/min.
The average data of three parallel tests were reported.

Rheological Analysis. The rheological property was carried out with a Rheostress
RS6000 rheometer (Haake Instrument, Germany) to understand the gelation kinetics
of the ionic liquid-based system containing 89 wt% BMIMBF4, 1 wt% TiO2-NPs, and
10 wt% HEMA. Dynamic time sweep was carried out at a strain of 1% and a frequency
of 1 rad s21 to monitor the storage modulus (G9) and loss modulus (G0).

TGA Measurement. The thermal stability of ionogels was characterized by TGA.
5 mg of the gel sample was placed in a sealed aluminum oxide pans. The samples with
different time of UV-radiation were heated from room temperature to 600uC at a
heating rate of 15uC/min under nitrogen atmosphere. Because the ionic liquid has
essentially zero vapor pressure, the mass loss of volatiles resulting from the unreacted
monomers in the ionogels can be detected by TGA to monitor the conversion of
polymerization.

Electrochemical Analysis. The porous electrodes for the actuator were prepared
from a mixture of activated charcoal powder, 60 wt% polytetrafluoroethylene binder,
and acetylene black conductor (with a w/w ratio of 80510510) by spreading the slurry

Figure 4 | Schematic diagram of BMIMBF4-gel-electrolyte-based actuator based on an ion transfer mechanism. (a) The electric-double-layer formed

inside the porous media of activated carbon. (b) Strain of the actuator under an applied voltage. (c) The model of the robot manipulator; (d) under an

applied voltage; (e) under an inversely applied voltage. (f) Photograph of the robot manipulator grabbing an object (180 mg).

Figure 5 | Schematic representation for displacement measurements.
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on a titanium plate. The activated charcoal electrodes with mass loadings of about
3 mg/cm2 were dried in vacuum at 120uC for 24 h. As for the fabrication of the
ionogel-based actuators, the middle layer is the ionogel which contains ionic liquid as
the electrolyte. The outer layers include two layer of activated carbon and two layers of
gold foil. Considering the fragility of gold foil, a piece of titanium was covered on the
surface of gold foil as electrode. To demonstrate the applicability of ionogels as smart
actuators, a novel bending actuator is processed, fabricated, and tested. After
comprehensive consideration, a 25 mm 3 5 mm actuator was chosen as the optimal
sample in the tests of loading ability. The cyclic voltammetry measurement of
ionogel-based actuator was conducted at different sweep rate (5 mV/s, 10 mV/s,
50 mV/s, and 100 mV/s) using a CHI 660D electrochemical work station (CH
Instruments). The driving performance measurements at both high temperature
(100uC) and low temperature (210uC) were carried out with a period of 30 s under
the applied voltage of 63.5 V.
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