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

Open Access Article. Published on 12 March 2019. Downloaded on 1/14/2026 7:07:20 PM.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

W) Checkfor updates High-performance cellulose nanofibers, single-
walled carbon nanotubes and ionic liquid actuators
with a poly(vinylidene fluoride-co-
hexafluoropropylene)/ionic liquid gel electrolyte
layert

Cite this: RSC Adv., 2019, 9, 8215

. ) T
Naohiro Terasawa 2 * and Kinji Asaka

This study describes new actuators with cellulose nanofibers, single-walled carbon nanotubes and ionic
liquids (CNFs/SWCNTs/ILs) and examines the electrochemical and electromechanical properties of CNF/
SWCNT/IL gel hybrid actuators. Further, the effects of the CNF species present on the electrode and the
electrolyte layer species of poly(vinylidene fluoride-co-hexafluoropropylene) (PVAF(HFP)) or CNF/IL on
the electrochemical and electromechanical properties of the low-voltage electroactive polymer
actuators are investigated. The CNF/SWCNT/IL structure revealed a network of highly entangled CNFs
and SWCNTs. The results indicated that the CNF/SWCNT/IL electrodes and the PVAF(HFP)/IL electrolyte
actuators can significantly outperform the CNF/SWCNT/IL electrodes and the CNF/IL electrolyte
actuators. PVdF(HFP) was considered to be a better polymer electrolyte than CNF. Further, the frequency
dependences of the displacement responses of these CNF/SWCNT/IL electrode actuators were
successfully simulated using a double-layered charging kinetic model. The equivalent circuit models
exhibited by the PVAF(HFP)/IL electrolyte actuators are different when compared to those exhibited by
the CNF/IL electrolyte actuators. Based on the results of this study, the CNF/SWCNT/IL electrodes and
the PVAF(HFP)/IL electrolyte actuators are promising for application as electrochemical materials that are
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rsc.li/rsc-advances useful in real-world applications, including wearable and energy-conversion devices.

Introduction nanofibers in the open-mesopore networks that have been
formed, making them useful for developing flexible, porous,
Nanofibers have potential applications as efficient catalysts, inexpensive and electrochemically stable separators in low-
electro-optical films, microelectronics, gas-barrier films and power applications.® Reportedly, microfibrillated cellulose can
other high-performance materials.'* Research on bionano- be utilised to reinforce the methacrylic-based polymer
fibers and their applications are receiving increased attention electrolyte.”
because of the increasing environmental concerns and because To the best of our knowledge, there have been very few
of a desire to create sustainable societies that incorporate the reports on renewable nonwoven cellulose-based materials used
recycling of materials.® Cellulose, which is a crystalline poly- as high-power lithium-ion battery separators because of the
saccharide, is an abundant biopolymer found in nature and is poor mechanical properties of the nonwoven material.
primarily obtained from wood pulp. It exhibits a hierarchical However, poly(vinylidene fluoride-co-hexafluoropropylene)
structure containing linear glucan chains, 3-4 nm wide crys- (PVAF(HFP)) is renowned as a polymer electrolyte exhibiting
talline cellulose microfibrils comprising 30-40 cellulose chains, excellent anodic and mechanical stabilities® and is a potential
microfibril bundles, cell walls, fibers and plant tissue, which candidate as a nonwoven composite.
further comprises hemicellulose and lignin that physically PVAF(HFP) has drawn attention as a separator material for
reinforce the living plants. Therefore, highly entangled cellulose lithium-ion batteries owing to its high affinity to a liquid elec-
nanofibers (CNFs) have the potential to replace the carbon trolyte, electrochemical stability and desirable adhesion with
electrodes.** The amorphous HFP phase helps to capture
a considerable amount of liquid electrolyte, whereas the PVDF
Inorgan'ic Fun‘ctional Material Research Institute, Natiz{nal 41nstitute of Advanced crystalline phase serves as a mechanical support for the polymer
ZZ;“;Z;I ]j;::czrszs t:f;f:iioi ogjgm;;i; Midorigaoka, Ikeda, - Osaka membram?.. PVAF(HFP) é?.lSO exh.ibits a hi.gh dielectr.ic constant
t Electronic ~ supplementary information (ESI) available. See DOIL and contains electron-withdrawing fluorine atoms in the poly-
10.1039/c8ra10221] mer backbone. Highly porous membranes of PVdF(HFP) were
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prepared via phase inversion, and their microstructures and
performances were investigated by Shi et al.'® Further, small
pores with narrow pore-size distribution were useful for main-
taining this liquid electrolyte, and their high porosity resulted
in a high conductivity. In addition, different to the proposed
actuator, several recent works have investigated the PVDF/IL
actuators operating at high voltages (10-20 V).*>*?

Thus far, majority of the research on ionic liquids (ILs) have
focused on the 1,3-dialkylimidazolium cation and similar imi-
dazolium species because these compounds, especially 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMI[BF,]) and 1-ethyl-
3-methylimidazolium triflate (EMI[CF3SO;]), exhibit superior
ionic conductivities and minimal viscosities.***

More recently, soft materials that can generate mechanical
energy from electrical energy have been considered to be useful
in various applications, including robotics, prosthetics and
medical devices.'® In these applications, low-voltage electro-
active polymer (EAP) actuators characterised by their rapid
response were particularly useful because they exhibited an
ability to serve as artificial muscle-like actuators.”'® Previ-
ously,">* we reported the fabrication of the first dry actuator
using a “bucky gel”, comprising gelatinous IL-containing single-
walled carbon nanotubes (SWCNTs), at room temperature;*
SWCNTs can be used in rapid-response actuators and devices
that require high electrochemical stability.>® Additionally, the
properties of these actuators are dependent on the IL, the
polymeric materials and the nanocarbon that was used.”"****
Further, the progress in the area of the crosslinked-nanocarbon-
based ionic actuators has been previously reported.”**® In
addition, the impact of the carbon nanotube additives on the
carbide-derived carbon-based EAP actuators has also been re-
ported.” Furthermore, natural cellulose ionogels has been re-
ported for soft artificial muscles.*

In previous studies, a triangular waveform voltage was
employed at different frequencies to impart motion to a bucky
gel actuator, and we examined the voltage-displacement and
voltage-current correlations.” Further, the effect of frequency
on the actuator strain was qualitatively modelled using an
equivalent electrochemical circuit that considered the lumped
resistance and the capacitance of the electrode layer along with
the combined resistance of the gel electrolyte layer.

Thus, the electrochemical and electromechanical properties
of the new CNF/IL gel hybrid actuator based on SWCNTs have
been investigated in this study. The effects of the CNF species
and the electrolyte layer species (the PVAF(HFP) or CNF/IL
electrolyte) on the electrochemical and electromechanical
properties of the EAP actuators have also been investigated. In
addition, the variations in displacement with the frequency of
the CNF/SWCNT/IL electrode and the PVAF(HFP) or CNF/IL
electrolyte actuators were determined by employing a double-
layer charging kinetic model.

Materials and methods
Materials

CNFs were prepared via the aqueous counter collision method
using the hardwood-bleached kraft pulp (LB) (ca. 10 wt%) and
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the bamboo-bleached kraft pulp (BB) (ca. 10 wt%), which were
used as received from Chuetsu Pulp & Paper Co., Ltd. 1-Ethyl-3-
methylimidazolium tetrafluoroborate (EMI[BF,]; Kanto Chem-
ical Co., Inc.) and 1-ethyl-3-methylimidazolium triflate (EMI
[CF3S0;]; Kanto Chemical Co., Inc.) were the ILs used in our
experiments, which were also used as received. Their chemical
structures are depicted in Fig. 1, and other reagents included
SWCNTs (high-purity HiPco™; Carbon Nanotechnologies Inc.),
poly(vinylidene fluoride-co-hexafluoropropylene) (PVAF-HFP),
Kynar Flex 2801 (Arkema Chemicals, Inc.), methyl pentanone
(MP, Aldrich) and propylene carbonate (PC, Aldrich); these
chemicals were also used as received.

Preparation of the actuator film

Fig. 1 depicts the configuration of the CNF/SWCNT/IL actuators
that have been developed in this study. Typically, the CNF/
SWCNT/IL electrode layer (80/50/120) comprises 32 wt% CNF,
20 wt% SWCNT and 48 wt% IL. All the layers were individually
prepared by mixing LB or BB (either of them with 800 mg of
10 wt%), SWCMT (50 mg) and EMI[BF,] or EMI[CF;SO3] (120
mg) in H,O (9 mL); this mixture was ultrasonically dispersed for
more than 5 h. Subsequently, the resulting mixture (2.4 mL),
which was gelatinous, was cast in a Teflon mould according to
the aforementioned steps to obtain a 150-175 pum thick elec-
trode film.

The gel electrolyte layers were fabricated by casting a solu-
tion (0.3 mL) comprising either of the two ILs and PVdF(HFP)
(100 mg each) that was later mixed with MP (1 mL) and PC (250
mg) in a Teflon mould (25 x 25 mm?). The solvent was subse-
quently evaporated and completely removed in vacuo at 80 °C.
The thickness of the resulting gel electrolyte films was 20-30
pm. The CNF/IL electrolyte layer (50/150) comprised 25 wt%
CNF and 75 wt% IL. The layers were individually prepared by
mixing LB or BB (either of them with 500 mg of 10 wt%) and
EMI[BF,] or EMI[CF3SO;] (150 mg) in H,O (9 mL); this mixture
was ultrasonically dispersed. Subsequently, the resulting
mixture (2.4 mL) was cast in a Teflon mould according to the
procedures outlined above to obtain an electrode film with
a thickness of 50-60 um. Finally, the electrode/electrolyte layers

Electrode layer IL; _
Cellulose Nanofiber(CNF)/ NN~
SWCNT/IL EMIX X

X' = BF, and CF;SO;

Cellulose
molecule

Bundle of
Cellulose fibrils

Fiber Surface

T

Electrolyte layer
PVAF(HFP)/IL or CNF/IL

Fig. 1 The configuration of the CNF/SWCNT/IL actuator and the
molecular structures of the CNF, SWCNT and ILs employed in this
study.
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comprising the same IL were hot-pressed to obtain a 280-330
um thick actuator film; this thickness was less than the
combined thicknesses of its component layers because each
layer was hot-pressed.

Displacement measurement

The displacement measurements were performed according to
those that have been conducted in a previous study.”® The
following equation transforms the measured displacement
¢ into a strain difference between two bucky gel electrode layers
(¢) by assuming that the cross-sections were planar at any
position along the actuator (i.e. no distortion occurred in the
cross section):

e = 2doI(L* + &), (1)

where L denotes the free length and d denotes the thickness of
the actuator strip.*

Characterisation of the electrode and electrolyte

The electrical conductivity of the gel electrolyte layer was
determined by measuring the impedance using a Solartron
1250 Impedance Analyzer. The double-layer capacitance of the
polymer-supported bucky gel electrode (7 mm diameter) was
estimated via cyclic voltammetry using a potentiostat in a two-
electrode configuration (Hokuto Denko, HSV-100). Further,
the electrical conductivity of the electrodes was evaluated using
the four-probe DC current method. The Young's moduli for the
electrodes were estimated from the stress-strain curves using
a thermal stress-strain instrument (Seiko, TMA/SS 6000). The
morphological differences in the electrode films were observed
by acquiring the images using HITACHI S-5000 FESEM.

Results and discussion

We initially examined the ionic conductivities « (= thickness/(R
x area)) for a range of ILs in both the CNF/IL gel and the
PVAF(HFP)/IL gel. As presented in Table 1, the ionic conduc-
tivities ranged between approximately 3.3-4.6 and 2.8-4.4
mS cm ™}, and little correlation was observed between the values
for the gel and pure ILs. The ionic conductivity of the gel elec-
trolyte layer was observed to be dependent on the IL species.
Table 2 compares the ionic conductivities (mS cm™") for the
CNF/IL electrolytes with different ratios. Further, in this case,
the ionic conductivity of the gel electrolyte layer was dependent
on the ratio of the CNF/IL electrolytes.

Table 1 Comparison of the ionic conductivities k (MS cm™?) of the
CNF and PVdF(HFP) gel IL electrolytes and a neat sample of the ILs

IL LB/IL = 3 BB/IL =3 PVAF(HFP)/IL Neat
EMI[BF,] 3.9 4.6 2.8“ 13.6"
EMI[CF;S0;] 3.3 3.9 4.4° 9.3¢
“ ref. 24.
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Table2 Comparison of the ionic conductivities (mS cm™2) of the CNF/
IL electrolytes using different ratios

IL LBAL=3 BBIL=3 1B/IL=4 BB/IL=4
EMI[BF,] 3.9 4.6 7.2 9.6
EMI[CFsS0;] 3.3 3.9 6.3 6.4

Table 3 presents the values of the double-layer capacitance C
[gravimetric capacitance of the SWCNTS, Cswent = Ci/(weight
of the SWCNTs)] of the CNF/SWCNT/IL electrodes and the
PVAF(HFP) or CNF/IL electrolyte. At a slow sweep rate of 1 mV
s~', the specific capacitance of the CNF/SWCNT/IL electrodes
and the PVAF(HFP)/IL electrolyte became 32-35 F g~ ', and the
double-layer capacitance of the CNF/SWCNT/EMI[BF,] elec-
trodes was slightly larger than that of the CNF/SWCNT/EMI
[CF3S0;] electrode. Therefore, the double-layer capacitance
depended on the IL species that were present in the system. In
contrast, the double-layer capacitances of the CNF/SWCNT/IL
electrodes and CNF/IL electrolyte were approximately 30-32 F
g~ ', and the double-layer capacitance did not depend on the IL
species present in the system. These results indicated that the
double-layer capacitance of the PVAF(HFP)/IL electrolyte was
slightly larger than that of the CNF/IL electrolyte; further, these
results considered the effect of the PVAF(HFP)/IL electrolyte or
the CNF/IL electrolyte to be relatively small.

Table 4 presents the electrical conductivities of CNF or
PVAF(HFP)/SWCNT/IL. More specifically, the electrical
conductivities of the CNF/SWCNTY/IL electrodes became 0.36—
0.98 S cm™ ', and the electrical conductivity of the LB/SWCNT/IL
electrodes was larger than that of the BB/SWCNT/IL electrodes;
furthermore, the electrical conductivity of the CNF/SWCNT/EMI
[BF,] electrodes was slightly larger than that of CNF/SWCNT/
EMI[CF5S0;]. Thus, the electrical conductivity of this gel elec-
trode layer appeared to be dependent on the CNF and IL
species, whereas that of the PVdF(HFP)/SWCNT/IL electrode
was 14-18 S cm ™ *. Notably, these values may represent the non-
formation (a part) for an open mesoporous network of SWCNT
for all the CNF/SWCNT/IL electrodes.

The strains (¢, %) produced in the actuators as a function of
the applied voltage frequency (£2 V, triangular waveform) for
the CNF/SWCNT/IL electrode and the PVAF(HFP)/IL electrolyte
were further evaluated; the corresponding results are presented
in Fig. 2. As depicted, strain was clearly dependent on the
voltage frequency.

The strains (¢, %) produced in the actuators as a function of
the frequency of the applied voltage (+2 V, triangular waveform)

Table 3 Specific capacitance, C = C;, divided by the weights of
SWCNT (F g~ in the CNF/SWCNT/IL electrodes and the PVAF(HFP) or
CNF/IL electrolyte; applied triangular voltage: +£0.5V, sweep rate: 1 mV

S—l

IL LB/PVAF(HFP)  BB/PVAF(HFP) LB/LB  BB/BB
EMI[BF,] 35.1 35.1 32.3 29.8
EMI[CF;S0;]  33.2 31.5 31.8 29.5

RSC Adv., 2019, 9, 8215-8221 | 8217
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Table 4 Electrical conductivity (S cm™?) of the CNF or the PVdF(HFP)/
SWCNT/IL electrodes

1L LB BB PVAF(HFP)
EMI[BF,] 0.98 0.49 17.5%
EMI[CF;SO0s3] 0.76 0.36 13.9¢
“ ref. 32.
1
0.1
> ~+— LB/BF,
§ ~a— BB/BF,
P2 LB/CF,SO,
0.01 i BB/CF,SO,
0.001
0.001 0.01 10 100

Ol'lrcqucncy "}l

Fig.2 Strains (e, %) calculated from the peak-to-peak displacement of
the CNF/SWCNT/IL electrode and the PVAF(HFP)/IL electrolyte actu-
ators as functions of the frequency of the applied triangular voltage
(+2 V).

were examined for the CNF/SWCNT/IL electrode and CNF/IL
electrolyte; Fig. 3 depicts the corresponding results. As depic-
ted, strain was clearly dependent on the voltage frequency. The
PVAF(HFP)/IL electrolyte actuators (Fig. 2) exhibited a higher
strain (>10 Hz) when compared to that exhibited by the CNF/IL
electrolyte actuators (Fig. 3) because of which both the CNF/
SWCNT/IL electrode and the PVAF(HFP)/IL electrolyte surfaces
may be considered to display better adhesion than those dis-
played by the CNF/SWCNT/IL electrode and the CNF/IL elec-
trolyte surfaces.’™**

In addition, the CNF/SWCNT/IL electrode and the
PVAF(HFP)/IL electrolyte actuators was stable in air for at least
10 000 cycles. Therefore, it can be considered that the CNF/IL
gel hybrid actuator based on SWCNTs will have a long oper-
ating life in air.****

01

—~ 4 LB/BF,

o
B
s ...m-- BB/BF,
=
E LB/CF,S0,
w

0.01 e BB/CF3S0,4
0.001

0.001 0.01 0.1 1 10 100

Frequency Hz

Fig. 3 Strains (¢, %) calculated from the peak-to-peak displacement of
the CNF/SWCNT/IL electrode and the CNF/IL electrolyte actuators as
functions of the frequency of the applied triangular voltage (£2 V).

8218 | RSC Adv,, 2019, 9, 8215-8221

View Article Online

Paper

Table 5 presents the maximum strain calculated from the
peak-to-peak displacements of the CNF/SWCNT/IL electrode
and the PVAF(HFP) or CNF/IL electrolyte actuators. As indi-
cated, the maximum strain was 0.44-0.76% for the PVdF(HFP)/
IL electrolyte actuators. More specifically, the maximum strain
of the CNF/SWCNT/EMI[BF,] electrodes was larger than that of
the CNF/SWCNT/EMI[CF3S0;3] electrodes. Thus, the maximum
strain of this gel electrode layer was dependent on the IL
species. Thus, the Young's modulus for the CNF/SWCNT/EMI
[CF5SO;] actuator can be larger than that of the CNF/SWCNT/
EMI[BF,] actuator. The maximum strain was 0.03-0.06% for the
CNF/SWCNT/IL electrode and the CNF/IL electrolyte actuators.
Thus, the maximum strain of this gel electrode layer was
independent of the CNF and IL species. The aforementioned
results indicate that the PVdF(HFP)/IL electrolyte actuators can
exhibit better performance than that exhibited by the actuators
with the CNF/IL electrolyte. Consequently, the surface of the
CNF/SWCNT/IL electrode and the PVAF(HFP)/IL electrolyte may
be considered to display better adhesion than that displayed by
the CNF/SWCNT/IL electrode and the CNF/IL electrolyte.®**

Fig. 4 denotes the scanning electron microscopy (SEM)
micrographs (5.0 kv, magnification: 5000x) of (a) PVAF(HFP)/
SWCNT/EMI[BF,] = 80/50/120, (b) LB/SWCNT/EMI[BF,] = 80/
50/120, (c) BB/SWCNT/EMI[BF,] = 80/50/120 electrode layers
and (d) BB/EMI[BF,] = 100/200 electrolyte layers; Fig. 4(b)-(d)
denote that the electrode and electrolyte morphologies are
a network of highly entangled CNFs.

Fig. S1t depicts the SEM micrographs (20.0 kV) of
PVAF(HFP)/SWCNT/EMI[BF,] = 80/50/120 for (a) magnification
= 5000x and (b) magnification = 50 000x. Fig. S1(b){ reveals
that the electrode morphologies are a network of open pores
formed by highly entangled SWCNTs.**** Fig. 4(a) and S1(a)f
denote that electrode morphologies are a network formed by
highly entangled SWCNTs, and Fig. 4(b) and (c) denote that
electrode morphologies are a network formed by highly entan-
gled CNFs and SWCNTs.

Fig. 5 depicts the cross-sectional SEM micrographs (5.0 kV,
magnification: 5000x) for (a) PVdF(HFP)/SWCNT/EMI[BF,] =
80/50/120, (b) LB/SWCNT/EMI[BF,] = 80/50/120 and (c) BB/
SWCNT/EMI[BF,] = 80/50/120 electrode layers; Fig. 5(a) denotes
that electrode morphologies are a network formed by highly
entangled SWCNTs.**** Fig. 5(b) and (c) denote that electrode
morphologies are a network formed by highly entangled CNFs
and SWCNTs.

Table 6 compares the Young's moduli of the different actu-
ators that have been investigated herein. The Young's moduli of
CNF/SWCNT/EMI[BF,] and CNF/SWCNT/EMI[CF;SO;] actua-
tors were 133-184 and 233-258 MPa, respectively; these values
were consistent with those of the network formed by highly

Table 5 Maximum strains (%) of the CNF/SWCNT/IL electrode and the
PVdAF(HFP) or CNF/IL electrolyte actuators

IL LB/PVAF(HFP)  BB/PVAF(HFP) LB/LB  BB/BB
EMI[BF,] 0.44 0.76 0.04 0.06
EMI[CF;S0;]  0.18 0.14 0.03 0.03

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 SEM micrographs (5.0 kV, magnification: 5000x) of (a)
PVdAF(HFP)/SWCNT/EMI[BF4] = 80/50/120, (b) LB/SWCNT/EMI[BF,] =
80/50/120, (c) BB/SWCNT/EMI[BF4] = 80/50/120 electrode layers and
the (d) BB/EMI[BF,] = 100/200 electrolyte layer.

Fig. 5 Cross-sectional SEM micrographs (5.0 kV, magnification:
5000x) of (a) PVAF(HFP)/SWCNT/EMI[BF,] = 80/50/120, (b) LB/
SWCNT/EMI[BF4] = 80/50/120 and (c) BB/SWCNT/EMI[BF,] = 80/50/
120 electrode layers.

Table 6 Young's moduli (MPa) of the CNF/SWCNT/IL electrodes

IL LB BB
EMI[BF,] 186 133
EMI[CF,S0;] 233 258

entangled CNFs and SWCNTs. In addition, the Young's
modulus of the CNF/SWCNT/EMI[CF3SO;] electrode was found
to be larger than that of the CNF/SWCNT/EMI|[BF,] electrode.
This indicated that the Young's moduli of polymer-based
actuators are dependent on the type of IL that was employed
and suggested that the maximum strain of the CNF/SWCNT/
EMI[BF,] electrodes was larger than that of the CNF/SWCNT/
EMI[CF;S03] electrodes.

This journal is © The Royal Society of Chemistry 2019
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Table 7 presents the maximum stress (o) generated in the
polymer-supported bucky gel actuators, as calculated using
Hooke's law (i.e. 0 =Y X &nyax, Where ¢, denotes the maximum
strain and Y denotes the Young's modulus). The maximum
generated stress (¢) in the PVAF(HFP)/IL electrolyte actuators
ranged from 0.36 to 1.01 MPa. Specifically, the maximum
generated stress of the CNF/SWCNT/EMI[BF,] electrodes was
larger than that of the CNF/SWCNT/EMI[CF;SO;] electrodes.
Thus, the maximum generated stress of this gel electrode layer
appeared to be dependent on the IL species. In particular, the
maximum generated stress of the actuator containing the CNF/
SWCNT/EMI[BF,] electrode was approximately 2-3 times higher
than that of the actuator containing the CNF/SWCNT/EMI
[CF3S0;] electrode. While the maximum generated stresses (o)
ranged from 0.07 to 0.08 MPa for the CNF/SWCNTY/IL electrode
and the CNF/IL electrolyte actuators, the maximum generated
stress of this particular gel electrode layer appeared to be
independent of the CNF and IL species. The aforementioned
results indicated that the actuators with the PVAF(HFP)/IL
electrolyte exhibited a significantly better performance than
that exhibited by the actuators with the CNF/IL electrolyte.
These results also indicated that the CNF/SWCNT/IL electrode
and the PVAF(HFP)/IL electrolyte actuators outperformed the
CNF/SWCNT/IL electrode and the CNF/IL electrolyte actuators.

The proposed mechanism explains the actuator bending
motion.”® Cations and anions are transferred from the gel
electrolyte layer to the cathode and anode layers, respectively,
when voltage is applied across the two electrode layers. This
mechanism results in the formation of an electrical double layer
with nanotubes that are negatively and positively charged; in
addition, the associated transportation of ions results in the
cathode and anode layers experiencing shrinkage and swelling,
respectively (Fig. 6).

The voltage-current and voltage-displacement correlations
demonstrated by the bucky gel actuators in response to the
triangular waveform voltage at different frequencies were
previously evaluated,” and the low-frequency strain limit as
well as the response time constant were predicted. The
frequency dependence of the displacement response was
measured for the PVAF(HFP)/SWCNT/IL electrode and the
PVAF(HFP)/IL electrolyte actuators, which could be successfully
simulated using a double-layer charging kinetic model. The
results yielded the strain in the low-frequency limit, which was
related to the electromechanical mechanism involved in the
process, in addition to the time constant of the response, which
was represented by that of an equivalent circuit comprising
a series combination of ionic and electronic resistances and
double-layer capacitance.

Table 7 Comparison of the maximum generated stress (MPa) of the
CNF/SWCNT/IL electrode and the PVAF(HFP) or CNF/IL electrolyte
actuators

IL LB/PVAF(HFP)  BB/PVAF(HFP) LB/LB  BB/BB
EMI[BF,] 0.81 1.01 0.07 0.08
EMI[CF;S0;]  0.42 0.36 0.07 0.07

RSC Aadv., 2019, 9, 8215-8221 | 8219
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Fig. 6 Schematic of the response model used for the CNF/SWCNT/IL
electrode and the PVAF(HFP)/IL electrolyte actuators.
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Fig. 7 Measured (blue dots) and simulated (green and orange curves)
data showing the frequency dependence of the strain for the CNF/
SWCNT/IL electrodes and the PVAF(HFP)/IL or CNF/IL electrolyte
actuators. Curves A and B were calculated using the equivalent circuits
shown in Fig. S2(b) and S2(c),T respectively. (a) The BB/SWCNT/EMI
[BF4] electrodes and PVdAF(HFP)/EMI[BF,4] electrolyte actuators and (b)
the BB/SWCNT/EMI[CFsSOs] electrodes and BB/EMI[CFsSOs] elec-
trolyte actuators.
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In Fig. 7(a), the BB/SWCNT/EMI[BF,]| electrodes and
PVAF(HFP)/EMI[BF,] electrolyte actuators clearly indicate that
curve B accurately reproduced the frequency dependence of the
strain, similar to that reproduced by the double-layer charging
kinetic model when the double-layer capacitance and the
resistance of both the electrode and the gel electrolyte were
considered. Similar results were obtained for the LB/SWCNT/
EMI[BF,] or CNF/SWCNT/EMI[CF5;SO;] electrodes and the
PVAF(HFP)/IL electrolyte actuators. Further, the response of the
CNF/SWCNT/IL electrodes and the PVAF(HFP)/IL electrolyte
actuators could be improved by fabricating a gel electrode and
electrolyte with a high conductivity value (see ESIT for details).

The BB/SWCNT/EMI[CF;SO;] electrodes and BB/EMI
[CF3S0;] electrolyte actuators in Fig. 7(b) clearly indicate that
the frequency dependence of the strain is well reproduced by
curve A (>1 Hz). Fig. 7(b) also clearly shows that the frequency
dependence of the strain was effectively reproduced by the
double-layer charging kinetic model when the double-layer
capacitance and the gel electrolyte resistance (>1 Hz) were
considered, which differed from that observed in the CNF/
SWCNT/IL electrodes and PVAF(HFP)/IL electrolyte actuators,
wherein the electrode and gel electrolyte resistances were
considered. Similar results were obtained for the LB/SWCNT/
EMI|[CF5S0;] electrodes or the CNF/SWCNT/EMI[BF,] elec-
trodes and the CNF/IL electrolyte actuators. Similar to the
previously discussed configuration, the response of the CNF/
SWCNT/IL electrodes and the CNF/IL electrolyte actuators
could be improved by fabricating a gel electrolyte with a high
conductivity value, which was different from that of the CNF/
SWCNTY/IL electrodes and the PVAF(HFP)/IL electrolyte actua-
tors (see ESIt for details).

Conclusions

In this study, new actuators were developed using the CNF/
SWCNT/IL structures. Further, the electrochemical and elec-
tromechanical properties of the CNF/IL gel hybrid actuators
based on SWCNTs were examined.

The PVAF(HFP)/IL electrolyte actuators exhibited a higher
strain when compared with that exhibited by the CNF/IL elec-
trolyte actuators. The maximum strain of the gel electrode layer
was dependent on the IL species in the CNF/SWCNT/IL elec-
trode and the PVAF(HFP)/IL electrolyte actuators; the maximum
strain appeared to be independent of the CNF and IL species in
the CNF/SWCNT/IL electrode and the CNF/IL electrolyte actua-
tors. The CNF/SWCNT/IL electrode denotes a network formed
by highly entangled CNFs and SWCNTs and is dependent on the
type of IL that has been employed. The maximum generated
stress (o) of the CNF/SWCNT/IL electrode and PVAF(HFP)/IL
electrolyte actuators appeared to be dependent on the IL
species, whereas the maximum generated stress (o) of the CNF/
SWCNT/IL electrode and the CNF/IL electrolyte actuators
appeared to be independent of the CNF and IL species. These
results also indicated that the CNF/SWCNT/IL electrode and the
PVAF(HFP)/IL electrolyte actuators performed significantly
better than the CNF/SWCNT/IL electrode and the CNF/IL elec-
trolyte actuators. Thus, employing the PVdF(HFP)/IL electrolyte

This journal is © The Royal Society of Chemistry 2019
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to maximise the strain and generated stress shows considerable
promise for use in real-world applications.

The CNF/SWCNT/IL electrodes and the PVAF(HFP)/IL elec-
trolyte actuators denote that the frequency dependence of strain
was reproduced using the double-layer charging kinetic model
when the resistances of both the electrode and the gel electro-
lyte were considered, whereas the CNF/SWCNTY/IL electrodes
and the CNF/IL electrolyte actuators clearly indicated that the
frequency dependence of the strain was reproduced using the
double-layer charging kinetic model only when the gel electro-
lyte resistance (>1 Hz) was exclusively considered. Based on the
results of this study, the CNF/SWCNT/IL electrodes and the
PVAF(HFP)/IL electrolyte actuators exhibit good promise for
usage as electrochemical materials in various applications,
including wearable devices and energy-conversion devices.
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