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Abstract: Electroactive hydrogels have received increasing
attention due to the possibility of being used in biomimetics,
such as for soft robotics and artificial muscles. However, the
applications are hindered by the poor mechanical properties
and slow response time. To address these issues, in this
study, supramolecular ionic polymer—carbon nanotube
(SIPC) composite hydrogels were fabricated via in situ free
radical polymerization. The polymer matrix consisted of
carbon nanotubes (CNTs), styrene sulfonic sodium (SSNa),
B-cyclodextrin (B-CD)-grafted acrylamide, and ferrocene (Fc)-
grafted acrylamide, with the incorporation of SSNa serving as
the ionic source. On applying an external voltage, the ions
accumulate on one side of the matrix, leading to localized
swelling and bending of the structure. Therefore, a con-
trollable and reversible actuation can be achieved by
changing the applied voltage. The tensile strength of the
SIPC was improved by over 300%, from 12 to 49 kPa, due to
the reinforcement effect of the CNTs and the supramolecular
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host—guest interactions between the B-CD and Fc moieties.
The inclusion of CNTs not only improved the tensile
properties but also enhanced the ion mobility, which lead
to a faster electromechanical response. The presented electro-
responsive composite hydrogel shows a high potential for the
development of robotic devices and soft smart components
for sensing and actuating applications.

Keywords: supramolecular ionic polymer, single-walled
carbon nanotube, composite hydrogel, electro-mechan-
ical performance

1 Introduction

Hydrogels with smart functionalities, such as self-healing
[1] and stimuli-responsive properties [2-4], have drawn
wide research attention in a variety of applications,
including therapeutics [5,6], robotics [7,8], and sensors
[9]. Electroactive hydrogels (EAHs) are hydrophilic and
electroactive materials with a three-dimensional mole-
cular network, exhibiting reversible actuation in response
to an electric field. Since electric fields can be easily
applied and controlled, EAHs are considered as suitable
candidates for the fabrication of the artificial muscles,
sensors, actuators, and robotic devices that require low
voltage for actuation [10-12]. Polyacrylamide (PAAM) and
its copolymers have been widely used in preparing EAHs
for artificial muscles and soft sensors due to the
advantages of lightweight, low cost, designable physical
and chemical properties, high water content, and
biocompatible properties [13,14]. For example, Wang
and colleagues prepared the polyanionic poly(2-acryl-
amido-2-methylpropanesulfonic acid-co-acrylamide) (AMPS-
co-AAM) hydrogel walkers, which could walk and manip-
ulate objects by applying a controlled DC voltage [15]. Li et al.
prepared the electro-responsive poly(AMPS-co-AAM) by
cross-linking triblock copolymer micelles [16]. However, the
biggest problems of these hydrogels are weak mechanical
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strength and relatively slow response, which limits their
application scope.

Development of novel composite materials is impor-
tant for improving the material performance [17-19]. For
instance, carbon nanomaterials have been widely used as
a functional additive in polymers to improve the
mechanical, electrical, and thermal properties of nano-
composites [20-23]. Recently, reports have indicated that
the mechanical strength and electro-response character-
istics of EAHs could be improved by adding electro-active
components, such as graphene [24] and multi-walled
carbon nanotubes (MWCNTSs) [25], to the polymer matrix.
Yang et al. reported that the mechanical and electro-
response properties of the poly(AMPS-co-AAM) were
improved by introducing reduced graphene oxide nano-
sheets [26]. Li et al. reported that the tensile strength of
the PAAM hydrogels can be greatly improved by grafting
MWCNTs on the polymer matrix [27]. Carbon nanotubes
(CNTs) have excellent strength and thermal stability as
well as high electrical conductivity [28], which make
them promising as ideal electro-active components for
rapid response actuators and devices that require high
electrochemical stability [29-31]. However, incorporation
of inorganic CNTs into polymer matrices is always
problematic due to the poor solubility and low dispersi-
bility of CNTs in water or organic solvents [32,33]. In this
respect, much effort has been expended on the modifica-
tion of CNTs through covalent [34,35] or non-covalent
[36] strategies to improve their solubility and processa-
bility [37]. However, there has been sparse research
investigating the influence of the single-walled carbon
nanotubes (SWCNTs) concentration on the electro-
response performance of the hydrogels.

Some research studies have been carried out to
fabricate the actuating materials based on the supra-
molecular assembly of two individual hydrogels con-
taining a B-cyclodextrin (B-CD) host and ferrocene (Fc)
guest moieties [38,39]. This bilayer strip has shown a
reversible bending behavior in response to a tempera-
ture change. The macroscopic self-assembly of the
polymer hydrogels consisting of the 3-CD and Fc gels
was also investigated [40]. The B-CD gel adhered to the
Fc gels through a host—guest interaction, achieving a
strong adhesion strength. The results suggested that the
supramolecular ion assembly between [B-CD and Fc
would be beneficial to the mechanical properties of the
hydrogels. The supramolecular ion assembly of a
copolymer containing f-CD and Fc moieties has also
been studied and the redox-switchable properties of the
copolymer have been confirmed in the electrochemical
response of the Fc moieties [41], conferring voltage-
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controllable assembly and disassembly features to the
samples [42].

In our study, the supramolecular ionic polymer—carbon
nanotube composite (SIPC) hydrogels with good mechanical
properties and electro-responsibility were successfully fabri-
cated via in situ free radical polymerization based on styrene
sulfonic sodium (SSNa), B-CD-grafted acrylamide, and Fc-
grafted acrylamide. The influence of the supramolecular and
carbon nanotube concentration on the structure, swelling
behavior, thermal degradation, and mechanical properties
and electromechanical performance of the composite hydro-
gels were investigated. The SIPC hydrogels showed a
reversible electromechanical response in terms of bending
behavior under the electric field. It was found that with the
incorporation of the CNTs and the supramolecular ion
assembly between the B-CD and the Fc, the SIPC showed
an improved tensile strength without compromising the
toughness. The electromechanical response time was also
reduced with the addition of the CNTs.

2 Experimentation
2.1 Materials

Pristine SWCNTs (diameter 1-3 nm, length > 15 pm, purity >
83%) were purchased from Shenzhen Nanotech Port Co.,
Ltd (Shenzhen, China). Vinyl-functionalized single-wall
carbon nanotubes (V-SWCNTs) (Figure 1), B-CD-grafted
acrylamide (B-CD-AAM), and Fc-grafted acrylamide (Fc-
AAM) were the starting materials for the fabrication of the
SIPC, which were synthesized according to the literature
[43,44]. Analytical acrylamide (AAM), N,N’-methylene-bis-
acrylamide (MBAAM), SSNa, and ammonium peroxodisul-
fate (APS) were obtained from Sinopharm Chemical Reagent
Co., Ltd (Beijing, China). All chemicals were directly used
without further purification. Water was purified with UP-20
before use.

2.2 Preparation of SIPC hydrogel films for
actuation

V-SWCNTs with different weight fractions (0, 0.25, 0.5,
and 1wt%) were dispersed in an aqueous reactant
containing 85mol% AAM, 14 mol% MBAAM, and 1mol%
SSNa. APS was then added as a thermal initiator in a
mole ratio of 1:100 between the initiator and the
reactant. The SIPCs with different compositions were
prepared, and the details are shown in Table 1. SIPC-1 to
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Figure 1: TEM image of V-SWCNTs.

SIPC-4 thin films containing different weight of SWCNT
nanofillers were prepared by transferring the solution
into a laboratory-made mold of dimensions 100 mm x
100 mm x 1mm in a water bath at 40°C. The B-CD-AAM
and Fc-AAM monomers (in 1:1 mole ratio) were mixed
together to achieve a supramolecular ion assembly
between the B-CD and Fc moieties. The mixture of
B-CD-AAM/Fc-AAM was added as a host—guest monomer
into the above aqueous reactant containing 1wt%
SWCNT and vigorously stirred at room temperature for
24h to prepare SIPC-5. The mole ratio between the
host-guest monomer and the reactant (excluding
V-SWCNTs) was 8:100. The polymerization reaction was
allowed to proceed for several minutes, and subse-
quently, the film was washed with dimethyl sulfoxide
and deionized water. The samples were cut and trimmed
into rectangular strips of 5 mm width and 40 mm length.

2.3 Morphology and compositional
characterizations

The morphology of the samples was determined using a
Zeiss SIGMA field-emission scanning electron microscope

Table 1: Compositions of the prepared SIPC hydrogels
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(FE-SEM, Germany). Fourier transform infrared (FTIR)
spectra were obtained using an IR spectrometer (Nicolet
6700, USA) with an attenuated total reflectance attach-
ment. Raman spectra were recorded for all the samples at
ambient conditions using a Raman spectrometer (DXR,
USA) with an excitation laser source at 633 nm. The X-ray
diffraction (XRD) patterns at wide angles 26 (from 10° to
90°) with Cu K, radiation (A = 1.54 A) were obtained using
a New D8-Advance/Bruker-AXS (Germany) powder X-ray
diffractometer operating at 40 kV and 30 mA, a scanning
rate of 6°/min, and a scanning step of 0.02. The
thermogravimetric analysis (TGA) was performed using a
thermo-gravimetric analyzer (STA449F3, Germany) at the
heating rate of 20°C/min from 30 to 700°C in an argon flow
(20 mL/min). The samples for SEM, IR, Raman, XRD, and
TG test were first frozen for 24 h and then freeze-dried at
—55°C in vacuum for 24 h.

2.4 Physical properties of SIPC hydrogels

The as-prepared composite hydrogels, with an initial
weight mo, were immersed in pure water, with the
weight at time t (m;), at room temperature. At different
time intervals, the swelling ratio (w/w) was defined as
(m¢ — mg)/mo.

Tensile tests of the composite hydrogels were
conducted with reference to the ASTM D638 standard,
with slight modification [45]. Uniaxial tensile tests on
rectangular hydrogel strips (50 mm x 10 mm x 1.0 mm)
were performed on an Instron 5567 universal testing
machine at a crosshead speed of 10 mm/min.

2.5 Electromechanical behavior

The electromechanical response of the hydrogels was
studied under a direct current (DC) electric field using
the setup shown in Figure 2. NaCl solution (50 mL,
1.0 mol/L) was poured into an organic glass box with
two parallel carbon electrodes separated by 6.0 cm.

Samples AAM (mol%) MBAAM (mol%) SSNa (mol%) V-SWCNTs (wt%) B-CD-AAM/Fc-AAM (Wt%)
SIPC-1 85 14 1 0 0
SIPC-2 85 14 1 0.25 0
SIPC-3 85 14 1 0.50 0
SIPC-4 85 14 1 1.00 0
SIPC-5 85 14 1 1.00 1
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Figure 2: Illustration of the experimental setup for the electro-
mechanical response test.

Before the experiment, the hydrogels were cut into strips
of 50 mm (length) x 5mm (width) x 1mm (thickness).
The SIPC hydrogel strip was fixed at one end with the
other end immersed in a NaCl solution. The real-time
response behavior was recorded by a digital camera, and
the bending angle was measured by a protractor. The
response speed of the SIPC samples was assessed by the
change in the bending angle within the first 30 s after
applying the electric potential.

3 Results and discussion
3.1 Preparation of SIPC

The new design of the SIPC hydrogel in this study is a
chemical crosslinking network structural copolymer that
consists of SSNa, AAM, MBAAM, [B-CD-AAM, and
Fc-AAM, as shown in Figure 3. In this copolymer, the
SWCNTs are covalently attached to the polymer back-
bones. Due to the effect of electrostatic double layer of
the SWCNTs, enhanced electromechanical performance
can be achieved. Inside the SIPC hydrogel, SSNa
provides the free sodium cations within the hydrogel.
The supramolecular ion assembly between the B-CD and
Fc moieties induces a reversible physical crosslinking of
the monomers due to the non-covalent host-guest
interaction. As a result, the integrity and mechanical
properties of the hydrogel can be improved. In addition,
Fc can be oxidized and dissociates with B-CD under
different electrical charging conditions.
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3.2 Characterizations of SIPC

The morphologies of SIPC-1, SIPC-4, and SIPC-5 were
investigated by FE-SEM. As shown Figure 4a, no
SWCNTs were observed in SIPC-1. Besides, within
SIPC-4 and SIPC-5 (Figure 4b-d), which have the
highest SWCNT content, the SWCNTs are well dispersed
and they are interconnected to form 3D nanotube bundle
networks (red arrow). The vinyl functionalization of the
SWCNTs has shown good miscibility with the polymer
matrix. Moreover, this result also shows that the
incorporation of the supramolecular molecules does
not affect the dispersibility of the SWCNTs. The high-
magnification FE-SEM graphs of SIPC-5 (Figure 4d) show
that the nanotube networks are tightly imbedded in the
supramolecular matrix (white arrow), which plays an
important role in the enhancement of the mechanical
and electro-responsive properties of the SIPC.

FTIR spectra were used to characterize the functional
groups of the SIPC hydrogels. As shown in Figure 4e, the
peaks at 1,660 and 1,414 cm™ correspond to the C=0 and
C-N stretching vibrations of the amide bond in the AAM
units, respectively [46]. The peaks at 2,927 cm™! and
2,862cm ™ are ascribed to the C-H asymmetric and
symmetric stretching vibrations of the main AAM units,
respectively. In addition, there are strong absorption
peaks between 1,020 and 1,500 cm™, corresponding to
the polar groups, such as -NH, —OH, and C=0, present
in the synthesized hydrogels, suggesting high water
hydrophilicity of the SIPC hydrogels. Furthermore, all
SIPC hydrogels showed characteristic peaks of the N-H
asymmetric and symmetric stretching vibrations of the
main AAM units at 3,435 and 3,195 cm™’, without notice-
able peaks for the vinyl group, indicating that in situ free
radical polymerization has been successfully conducted.

Raman spectra were used to characterize the defects
and the disordered structures of the carbon-based
materials. The Raman spectra of the SIPC hydrogels are
shown in Figure 4f. The peaks at 1,332 cm™ (D band)
and 1,579 cm™ (G band) are, respectively, attributed to
the disordered graphite structure or sp>-hybridized
carbons of the nanotubes and splitting of the E,g
stretching mode of the graphite, reflecting the structural
intensity of the sp>hybridized carbon atoms. It can be
seen that, after the grafting copolymerization with SSNa
and acrylamide monomers, the intensity of the D band
becomes much higher than that of the G band. This
indicates a higher extent of disorder in the CNTs [47,48].
Therefore, the G band is not obvious in the Raman
spectrum. The peak at 1,603 cm ™ is ascribed to the C=C
stretching vibration of SSNa.
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Figure 3: Chemical structure of the SIPC hydrogels.

Figure 4g shows the XRD patterns of different SIPC
samples. The XRD patterns of the V-SWCNTs exhibit an
obvious peak at 26 = 26.7°. This peak is also observed in the
XRD patterns of SIPC-4 and SIPC-5, which correspond to the
(002) peak of the SWCNTs. This is mainly attributed to
the intertube structure (outer wall contacts) of the individual
SWCNTs [49]. However, due to the low SWCNTs loading
ratio, this peak is not observed in SIPC-2 and SIPC-3. Besides,
no other obvious sharp peaks are observed, indicating the
amorphous nature of the SIPC hydrogel films.

CNTs have been widely used to improve the thermal
stability of the polymeric nanocomposites [50]. Here, TGA
was used to study the effect of SWCNTs and host—guest
molecules on the thermal degradation behavior of the SIPC
hydrogels. As shown in Figure 4(h and i), all SIPC samples
exhibit a slight weight loss between 100 and 200°C, which is
mainly due to the water loss, including free water and
combined water. With an increasing amount of SWCNTs
from O to 0.5wt% (SIPC-1 to SIPC-3), the initial degradation
temperature of the samples is increased from 150 to 300°C,
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Figure 4: FE-SEM images of (a) SIPC-1, (b) SIPC-4, and (c and d) SIPC-5 (the red arrows indicate the SWCNT bundle networks and the white
arrows show the embedment of SWCNTSs in the polymer matrix). (e) FTIR spectra, (f) Raman spectra, (g) XRD patterns, (h) TG curves, and

(i) DTG curves of the SIPC hydrogels.

indicating the enhancement of thermal stability. It can also
be seen that the higher the amount of SWCNTs, the higher is
the char vield of the SIPC. The interconnected SWCNT
networks in the SIPC hydrogel act as a reinforcement that
can hinder the propagation of cracks and promote the
formation of stable char layers, thereby efficiently protecting
the underlying polymeric materials from degradation. In
addition, the incorporation of host—guest molecules has less
influence on the thermal stability of the SIPC.

3.3 Swelling behavior and mechanical
properties

The swelling ratios of the SIPC samples in water within
2h at room temperature (25°C) are plotted in Figure 5a.
The swelling of the hydrogels almost reaches saturation

within 2h. Most of the SIPC samples exhibit a high
swelling ratio in water due to the incorporation of SSNa.
However, with the increasing SWCNT content, the
swelling ratio of the SIPC hydrogels decreased gradually
from 1.2 (w/w) to around 0.3 (w/w). This is attributed to
the formation of the SWCNT network, as shown in FE-
SEM, which limits the swelling of the SPIC. Compared
with SIPC-4, the swelling ratio of SIPC-5 is lower. This
suggests that the swelling ratio of the SIPC hydrogels is
reduced by the supramolecular ion assembly of the 3-CD
and Fc moieties.

Tensile tests were conducted to evaluate the mechan-
ical properties of the SIPC hydrogels, and the results are
shown in Figure 5b. It is obvious that the tensile
properties of the SWCNT-incorporated SIPC hydrogels
are improved over the SWCNT-free hydrogel (SIPC-1).
Noticeably, as the SWCNT content increased from 0.0 to
1.0 wt%, the tensile strengths of the composite hydrogels
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Figure 5: (a) Swelling ratio versus time and (b) the tensile stress—strain curves of the SIPC hydrogels.

increased significantly from 12kPa (SIPC-1) to 47 kPa
(SIPC-4). The tensile strength of the SIPC hydrogels can
be effectively regulated without compromising the tough-
ness by adjusting the SWCNT content. The enhancement
of the tensile property of the SWCNT-containing SIPC
hydrogels is due to (i) the well-dispersed SWCNTSs in the
hydrogel network by means of free radical graft poly-
merization; (ii) the strengthened hydrogels by the nano-
reinforcement effect of the SWCNTs; and (iii) the
toughening effect of the functionalized SWCNTs [51]. Not
only the vinyl functionalization of the SWCNTSs improves
the dispersibility within the polymer matrix but also the
covalent functionalization enhances the interfacial
strength and the adhesion between the SWCNTs and the
polymer [48]. During the tensile test, the deformation of
the polymer composite can lead to polymer chain move-
ment and bond breakage. With the presence of covalently
bonded SWCNTs, the applied load can be effectively
transferred across the interface between the SWCNTs and
the polymer matrix, thereby improving the tensile proper-
ties of the polymer composite [52]. Among all the
prepared samples, SIPC-5 exhibited the highest tensile
strength of 49 kPa, with an elastic modulus of 36.3 kPa.
Although the CNT content of SIPC-4 and SIPC-5 are the
same, SIPC-5 shows higher tensile strength and lower
strain. This is due to the addition of the host—guest
molecules B-CD-AAM and Fc-AAM. The supramolecular
host—guest interaction between the B-CD and Fc moieties
serves as additional crosslinking sites, thereby enhancing
the tensile strength of the nanocomposite but reducing
the strain under tension. Moreover, compared with a
previously reported bilayer EAH with an estimated elastic

modulus of 19.9 kPa [43], the SIPC-5 hydrogel has shown
an 82% improvement in the tensile properties.

3.4 Electro-mechanical behavior

Under an applied electric potential of 10V, the SIPC
hydrogel films showed bending behavior. According to
the previous reports and the actuation performance
experiments, the bending mechanism of the SIPC
hydrogels is derived from the osmotic pressure differ-
ence on the basis of Flory—Rehner theory due to the
distribution of mobile ions under the electric field
(Figure 6a) [4]. As the sulfonic acid group on SSNa is
fixed on the polymer backbone, only sodium in the
form of mobile ions can move around inside the SIPC
hydrogel. When an external DC electric field is applied,
the mobile ions migrate toward their counter-electrode.
Therefore, a higher number of sodium ions move to the
side closest to the cathode within the SIPC. This creates
an osmotic pressure (m) difference across the SIPC
hydrogel, which is associated with the ion concentra-
tion gradient. Due to the charge migration within the
hydrogel, the osmotic pressure at the interface near the
anode becomes larger than that at the cathode. There-
fore, the composite hydrogel swells on the anode side
while shrinking at the opposite side, and as a result,
the hydrogels bend toward the cathode side, as shown
in Figure 6b.

Due to the intrinsic properties of the SWCNTs,
including the quantum chemical and electrostatic
double-layer effect, they are promising materials for
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Figure 6: (a) Illustration of the bending mechanism and (b) bending of the SIPC-4 hydrogel under applied voltage. (c) The
electromechanical response of the SIPC samples.

electromechanical actuators [53]. The SWCNTs within the result, a higher rate of change in the osmotic pressure
SIPC hydrogels may facilitate the movement of ions and difference can be achieved. It could enhance the electro-
the formation of an ion concentration gradient [54]. As a mechanical response of the SIPC hydrogels [4]. Therefore,
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the electromechanical properties of the SIPC hydrogel can
be enhanced by increasing the SWCNT content. This is
proven by the electromechanical response of the SIPC
hydrogel, as shown in Figure 6c. The deflection response
time of the SIPC hydrogels with 0.5 and 1 wt% SWCNTs at
10 V were recorded. As the SWCNT content increased, the
response time was reduced by over 2s to reach 55°
bending. A faster actuation can be achieved by optimizing
the SWCNT content in the SIPC hydrogels. When the
supramolecular B-CD and Fc moieties (B-CD-AAM/Fc-
AAM) were introduced into the hydrogels, the response
speed was lowered (SIPC-5). This can be attributed to the
hardening effect given by the non-covalent host—guest
interaction, which serves as the crosslinking sites
between the supramolecular moieties within SIPC-5.
Further study is required to elucidate the mechanism of
this hardening effect. In fact, the enhanced mechanical
properties obtained in SIPC-5 provides a good opportunity
to develop electro-responsive micro-actuators with a high
output force.

4 Conclusions

In this study, novel electro-responsive SIPC hydrogels
based on SSNa, B-CD-AAM, Fc-AAM, and SWCNTs with
enhanced electromechanical performance have been
synthesized. With the inclusion of SWCNTs and the
supramolecular moieties (B-CD and Fc), the tensile
strengths of the samples have been improved. In NaCl
aqueous solutions, the SIPC hydrogels have shown a
reversible bending motion and the direction can be
controlled by the electric field. Moreover, a faster
electromechanical response can be achieved by in-
creasing the SWCNT content. Due to the enhanced
mechanical properties and faster response time of the
SIPC, we believe that the developed materials possess
high potential for application in the design and proto-
typing of smart micro-actuation systems.
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