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actuators have been briskly investigated by worldwide 
researchers and scientists owing to their intrinsic advantages 
such as large deformation, low energy requirement, simple 
fabrication process, operation in both air and wet condi-
tions, and biomimetic bending actuations.[1–7] Especially, ionic 
polymer–metal composite (IPMC) actuators, comprised of a 
trilayered sandwich structure with two conductive electrodes 
and an ionic polymer membrane, have also been extensively 
studied.[8–13] It is well known that IPMC actuators have the 
major drawbacks such as weak blocking force, poor dura-
bility in dry condition, and low manufacturing productivity 
due to complex fabrication process, resulting in limited use 
of ionic-type actuators in commercial applications. Although 
some studies that tried to attempt to resolve the drawbacks 
and improve the actuation performances by altering or 
modifying the electrodes[14–16] and ionic membranes,[17,18] 
and developing a facile fabrication process[19] have been 
published, most IPMC actuators have not satisfied the tight 
requirements for their specific target applications. The weak DOI: 10.1002/smll.201701314
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electronics. However, due to the intrinsic drawback of weak blocking force, the 
feasible applications of soft ionic actuators are limited until now. An electroactive 
artificial muscle electro-chemomechanically reinforced with 3D graphene–carbon 
nanotube–nickel heteronanostructures (G–CNT–Ni) to improve blocking force 
and bending deformation of the ionic actuators is demonstrated. The G–CNT–Ni 
heteronanostructure, which provides an electrically conductive 3D network and 
sufficient contact area with mobile ions in the polymer electrolyte, is embedded as 
a nanofiller in both ionic polymer and conductive electrodes of the ionic actuators. 
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1. Introduction

Along with technological advances in human-friendly wear-
able and soft electronics, electrical stimuli-responsive ionic 
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blocking force of IPMC actuators is known to originate from 
the actuation mechanism, which is ion migration in the poly-
electrolyte.[8] Unlike other electroactive actuators driven by 
strong electrostatic or piezoelectric effects, the IPMC actu-
ator is driven by the volume expansion of the ionic polymer 
as mobile ions in the ionic polymer move toward the elec-
trodes when an electrical voltage is applied to the electrodes. 
Therefore, the relatively weak blocking force mainly caused 
by the migration of ions inside a soft ionic polymer is inevi-
table and unavoidable, leading to the limitation of com-
mercial applications. Until now, researchers have primarily 
focused on the bending deformation of the actuators, while 
less attention is paid to enhance the blocking force of the 
actuators. For that reason, the in-depth study on the blocking 
force of the actuator is imperative for the high-performance 
ionic-type actuators and for future engineering applications 
in soft and wearable electronics.

To improve the actuation performance of ionic actua-
tors, many carbonaceous materials such as fullerenes,[20] 
carbon nanotubes,[10,16,18,21] chemical vapor deposition 
(CVD)-grown graphenes,[22] chemically modified graphene 
materials,[14,23–25] and derived carbons[15,26,27] have been intro-
duced as nanofillers in electrodes or ionic membranes, or in 
the electrodes of the actuators. However, electroactive ionic 
polymer actuators based on these 1D and 2D materials show 
stagnant actuation performances and blocking forces due to 
the structural limitations such as difficulties in the directional 
control of alignments and restacking phenomena resulting 
from van der Waals forces.[25] More importantly, 1D and 2D 
nanostructures, which are limited to uni-or bidirectional elec-
tron transfer, will lead to relatively lower electrochemical 
responses in the composite electrodes and slower ion dif-
fusion rate in the ionic polyelectrolyte, eventually resulting 
in poor and stagnant actuation performance.[24,25] Recently, 
3D carbon nanostructures based on graphene and carbon 
nanotubes have been synthesized to surmount the structural 
limitations of the 1D and 2D materials.[28,29] The 3D carbon 
nanostructures, which have the main merits of multidirec-
tional fast electron transfer and strong mechanical integrity, 
can be used to provide much faster ion-diffusion rate and 
higher electrochemical responses, which are required to gen-
erate high-performance actuation in ionic-type actuators. To 
obtain 3D architectures of graphene–CNT hybrids, many 
strategies have been previously employed, including chem-
ical vapor deposition, layer-by-layer self-assembly, chemical 
functionalization, and microwave irradiation.[28–37] Espe-
cially, 3D carbon nanostructures of graphene–CNT hybrid 
through direct chemical bonding provide unimpeded ion 
and electron channels in multidirectional pathway, resulting 
in faster ion diffusion and higher electrochemical responses 
than the physically mixed composites.[36] The 3D carbon 
nanostructures have been employed in various applications 
such as lithium ion batteries,[28–30] supercapacitors,[31–33] solar 
cells,[30] biofuel cells,[34] water treatment,[35] electromagnetic 
interference shielding,[36] and electrocatalysts[37] by virtue of 
their 3D connectivity, high surface area, and good mechan-
ical, electrical and electrochemical properties. However, 3D 
carbon nanostructures have not yet been applied to the soft 
ionic actuators and other artificial muscles, even though they 

have appropriate and promising electrical and electrochem-
ical properties for use in ionic-type actuators.

In this study, we developed a high-performance and 
durable electroactive artificial muscle incorporating 3D gra-
phene–carbon nanotube–nickel (G–CNT–Ni) heteronano-
structures to greatly enhance both the blocking force and 
bending performance. As the first step, 3D G–CNT–Ni het-
eronanostructures were synthesized using a facile microwave 
irradiation method.[28] The G–CNT–Ni nanomaterials exhib-
ited superior electrochemical performances in comparison 
with reduced graphene oxide (rGO) and nickel-decorated 
graphene (G-Ni), due to the synergistic effects among con-
ductive networked structures, high surface-to-volume ratio, 
highly porous structures for mobile ions, and prevention 
of restacking phenomena of 1D CNT and 2D graphene. 
The G–CNT–Ni heteronanostructures were used for both 
electrodes and ionic membranes to make a sandwiched com-
posite actuator having greatly enhanced mechanical stiff-
ness and electrochemical activities. The improvements of 
blocking forces and bending actuation were mainly attrib-
uted to the electro-chemomechanical reinforcement of the 
3D G–CNT–Ni heteronanostructures.

A schematic diagram for the synthesis of 3D G–CNT–Ni 
heteronanostructures using a facile microwave irradiation 
method is illustrated in Figure 1a. rGO was microwave-
irradiated in the presence of nickelocene (Ni(C5H5)2) and 
acetonitrile (CH3CN). Here, nickelocene was used as an 
organometallic catalyst for CNTs, which are vertically grown 
on the surfaces of rGO, after homogeneously dispersing it in 
acetonitrile through ultrasonication. Sequential microwave 
irradiations were applied to the mixture in a commercial 
microwave oven in order to form 3D G–CNT–Ni heterona-
nostructures.[28,29] Moreover, to improve the actuation per-
formances and blocking forces of the soft ionic actuators, 3D 
G–CNT–Ni was directly applied as a nanofiller in the elec-
trodes as well as in the ionic polymer, as shown in Figure 1b. 
The G–CNT–Ni was homogenously mixed with poly(3,4-eth-
lenedioxythiophene)–poly(styrene sulfonate) (PEDOT:PSS) 
and N,N-dimethylformamide (DMF) to make electri-
cally conductive electrodes with ultrahigh capacitance and 
increased mechanical stiffness. In addition, the G–CNT–Ni 
was also homogenously dispersed and ultrasonicated with 
Nafion, N,N-dimethylacetamide (DMAc), and 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMIM-BF4), to 
form a superior ionic exchangeable polymer membrane 
with enhanced ionic conductivity and mechanical stiffness. 
Nafion is a semicrystalline polymer that consists of ioni-
cally nonconductive crystalline and conductive amorphous 
regions. The G–CNT–Ni heteronanostructures embedded in 
Nafion can be used to interconnect the amorphous regions, 
resulting in much faster ion transports due to the electron-
egativity of oxygen in G–CNT–Ni, which can attract mobile 
ions and promote ion migration toward the electrodes. 
Moreover, ionic interactions between the functional groups 
of G–CNT–Ni and the dissociated ions of ionic liquid under 
electrical fields facilitate an increase in the ionic conductivity 
of the 3D G–CNT–Ni-embedded Nafion composite mem-
branes. The detailed description on the fabrication of mate-
rials and actuators is given in the following experimental 
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section. Hence, electroactive soft artificial muscles based on 
the 3D G–CNT–Ni heteronanostructure, having ultrahigh 
surface-to-volume ratio and capacitance, efficient pathway 
for electrons and mobile ions inside electrodes and elec-
trolyte, and mechanical reinforcement capability, can show 
greatly improved blocking force and bending deformation 
with durable actuation.

2. Results and Discussion

In order to confirm the successful synthesis of 3D G–CNT–Ni 
heteronanostructures, we first conducted morphological and 
chemical analyses. Figure 2a provides scanning electron 
microscope (SEM) images of the 3D G–CNT–Ni heteronano-
structure, which shows multiwall carbon nanotubes vertically 
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Figure 1.  Schematic diagrams for a) synthesis steps of G–CNT–Ni, and b) conceptual design of soft ionic actuators based on G–CNT–Ni.

Figure 2.  Morphological and chemical analyses of G–CNT–Ni: a) SEM and b) TEM images of the G–CNT–Ni heteronanostructures, c) XRD, d) Raman 
spectra, and e) TGA of rGO, G–Ni, and G–CNT–Ni heteronanostructures.
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grown on graphene layers and nickel oxide nanoparticles 
supported on both graphene and carbon nanotubes. The 
nickel catalyst nanoparticles decomposed from the nickelo-
cene under the microwave irradiation successively induce the 
growth of multiwall carbon nanotubes on the surfaces and 
along edges of rGO sheets. The big nickel nanoparticles are 
encapsulated at the tip of the carbon nanotubes, indicating a 
“tip growth mechanism” of carbon nanotubes.[28,29] The right 
image in Figure 2a shows that the carbon nanotubes grew in 
a non-unidirectional manner while anchoring their roots on 
both top and bottom surfaces of the rGO sheets. In addition, 
SEM images of rGO and G–Ni are shown in Figure S1 (Sup-
porting Information). Moreover, the direct bonding between 
the carbon nanotube and the rGO sheet can be verified in 
the transmission electron microscope (TEM) image shown 
in Figure 2b. The black-colored particles located at the tip of 
the carbon nanotubes, shown in Figure 2b, are nickel nano-
particles, which act as a catalyst for growing the carbon nano-
tubes under microwave irradiation. Figure 2c shows X-ray 
diffraction (XRD) patterns of rGO, G–Ni, and G–CNT–Ni. 
The XRD pattern of rGO shows a (0 0 2) diffraction peak 
at 25.67° (d ≈ 0.338 nm), indicating fully exfoliated graphene 
layers from GO. However, the (0 0 2) diffraction peaks of 
G–Ni and G–CNT–Ni are slightly shifted and appeared at 
≈26° (d ≈ 0.333 nm), which is close to the value for pristine 
graphite.[38,39] The slight lower d-spacing values of G–Ni and 
G–CNT–Ni may be due to the additional microwave irra-
diations. The additional microwave irradiations removed the 
residual oxygen functional groups on rGO leading to the res-
toration of rGO layers.[28,38,39] In order to clearly understand 
the chemical compositions of rGO, G–Ni, and G–CNT–Ni, 
X-ray photoelectron spectroscopy (XPS) analysis was fur-
ther conducted as shown in Figure S2 (Supporting Informa-
tion). The dramatic decrease of the O/C ratio in the G–Ni 
and G–CNT–Ni clearly indicates the successful reduction of 
oxygen functional groups after additional microwave irra-
diations, as listed in Table S1 (Supporting Information). In 
addition, the peaks of nickel nanoparticles newly appeared at 
44.5°, 51.8°, and 76.2°, implying that nickel nanoparticles were 
decorated on the rGO sheets.[40] Raman spectroscopy, the 
most powerful techniques of characterizing carbon materials, 
was employed to investigate the structures of rGO, G–Ni, and 
G–CNT–Ni, as shown in Figure 2d. All materials exhibit three 
main peaks, a D-band (≈1340 cm−1), G-band (≈1570 cm−1),  
and 2D band (≈2680 cm−1), without significant shift of peaks. 
In addition, the intensity ratios of the D-band to the G-band 
(ID/IG) for three samples, rGO, G–Ni, and G–CNT–Ni, were 
found to be 1.025, 0.653, and 0.562, respectively. A slight 
decrease in ID/IG indirectly indicates a recovery of the 2D 
crystal defects, which were produced by the oxygen func-
tional groups of rGO, due to the locating of the nickel cat-
alysts on defect sites of graphene sheets and the growing 
of carbon nanotubes with the catalysts on rGO sheets.[29] 
Furthermore, the sharp 2D band of G–CNT–Ni indicates 
improved graphenization due to the healing of defects by 
CNT growth and additional reduction after sequential micro-
wave irradiation.[41] The thermal property and the weight 
of nickel metals in rGO, G–Ni, and G–CNT–Ni were inves-
tigated in air atmosphere using thermogravimetric analysis 

(TGA) as shown in Figure 2e. All samples undergo significant 
decreases of their weight at around 500 °C, resulting from the 
decomposition and removal of functional groups at high tem-
perature. The TGA results show that the amounts of nickel 
metals that remained in G–Ni and G–CNT–Ni are 15.4% and 
14.3%, respectively.

It is well known that the electrochemical responses of 
carbon-based electrodes play a very important role in the 
bending actuation of the ionic artificial muscles. The elec-
trical conductivity and capacitance of the carbon-based elec-
trodes influence the attraction and accumulation of mobile 
ions, resulting in bending deformations directly related to the 
expansion and contraction in both electrodes and ionic mem-
brane.[15,23] Accordingly, cyclic voltammetry (CV) tests for 
rGO, G–Ni, and G–CNT–Ni were conducted in two different 
electrolytes as shown in Figure 3. Figure 3a represents the CV 
responses of rGO, G–Ni, and G–CNT–Ni in a 1 m potassium 
hydroxide (KOH) aqueous solution at a 100 mV s−1 scan rate 
in a potential window of 0 to 0.6 V. There are some specific 
peaks at around 0.4–0.5 V, indicating the pseudocapacitance 
due to the reduction and oxidation of nickel nanoparticles.[42] 
Moreover, the CV responses of all the samples at various 
scan rates in aqueous electrolyte are presented in Figure S3 
(Supporting Information). The specific capacitances of all the 
samples at the various scan rates are plotted in Figure  3b. 
3D G–CNT–Ni has a surprisingly high specific capacitance of 
452.33 F g−1 at a scan rate of 10 mV s−1, which is 2.38 and 
2.77 times higher than those values of rGO (190.17 F g−1) 
and G–Ni (163.03 F g−1), respectively. Interestingly, in a non-
aqueous electrolyte, all samples show electro-double layer 
capacitor (EDLC) behavior while maintaining almost 
rectangular shape responses without redox cycling, even 
with the introduction of Ni particles, as shown in Figure 3c  
and Figure S4 (Supporting Information). Figure S4 (Sup-
porting Information) shows the CV responses of all the sam-
ples at various scan rates in the ionic liquid-based electrolyte. 
The shape of the CV curve was still rectangular, even at high 
scan rate, indicating the excellent rate capability. In a non-
aqueous electrolyte, G–CNT–Ni always exhibits much higher 
specific capacitance at all scan rates, as shown in Figure 3d. 
The 3D G–CNT–Ni shows the highest specific capacitance of 
433.78 F g−1 at a scan rate of 10 mV s−1 in a potential window 
of [−0.4 V, 1 V], which is 2.31 and 2.36 times higher than those 
values of rGO (187.64 F g−1) and G–Ni (184.07 F g−1), respec-
tively. The remarkably high capacitance of G–CNT–Ni is due 
to its unique 3D structure, which facilitates a large accessible 
surface with the electrolyte and provides fast ion diffusion. 
As shown in Figure S5 and Table S2 (Supporting Informa-
tion), G–CNT–Ni has relatively low specific surface area 
rather than rGO due to the existence of heavy nickel metals. 
Considering the weight of nickel in G–CNT–Ni, it can be said 
that it has large surface area compared with the rGO. In addi-
tion, in comparison with G–Ni, the specific surface area of  
G–CNT–Ni is greatly improved, resulting from the CNT 
growth on the G–Ni. In addition, relatively high oxygen-
reduction rate of G–CNT–Ni with good crystallinity offers 
the enhancement of the electrical conductivity, resulting in 
high reactivity of the ions in the interfacial layer between 
the active materials and the electrolytes. All specific 

www.advancedsciencenews.com

small 2017, 13, 1701314

 16136829, 2017, 31, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.201701314 by U
niversity O

f N
evada L

as V
egas, W

iley O
nline L

ibrary on [07/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(5 of 9)  1701314© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com

capacitance values of the samples at different scan rates 
and potential windows are reported in Table S3 (Supporting 
Information).

Optical images of the ionic composite membranes with 
various mass fractions of G–CNT–Ni are shown in Figure 4a. 
The transparency of the Nafion/G–CNT–Ni/IL composite 
membranes is found to gradually decrease and the thickness 
of the membrane slightly increases when the mass fraction 

of G–CNT–Ni increases. It can be seen that the composite 
membrane containing 10 wt% of G–CNT–Ni was about 
10 µm thicker than the membrane without G–CNT–Ni. More-
over, UV–vis/NIR spectrophotometer was used to measure 
the transmittance of the composite membranes, as shown in 
Figure S6 (Supporting Information). The transmittance of 
pure Nafion/IL membrane is nearly 70% at wavelength of 
550 nm. However, as the mass fraction of G–CNT–Ni in the 
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Figure 3.  Cyclic voltammetry tests of rGO, G–Ni, and G–CNT–Ni heteronanostructures in a) aqueous and c) nonaqueous electrolyte at a scan rate 
of 100 mV s−1 and b,d) their specific capacitance values at various scan rates.

Figure 4.  a) Optical images and thickness of the Nafion-based ionic polymer membranes with various mass fractions of G–CNT–Ni. b) Mechanical 
properties of the membranes, and c) surface resistance and ionic conductivity. d) Cross-sectional SEM image of a soft ionic actuator.
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membrane increases up to 10 wt%, the transmittance of the 
Nafion/G–CNT–Ni/IL composite membrane decreases to 
less than 1%, which is consistent with the trend of the optical 
images as shown in Figure 4a. Furthermore, the mechanical 
properties of the composite membranes were investigated 
as shown in Figure 4b. As the mass fraction of G–CNT–Ni 
in the membrane rises, the tensile modulus and the strength 
of the composite membranes are also greatly increased. The 
composite membrane with 10 wt% of G–CNT–Ni has a ten-
sile modulus of 69.28 MPa, which is 2.66 times higher than 
pure Nafion with a tensile modulus of 26.07 MPa. The ten-
sile strength of the composite membrane with 10 wt% of  
G–CNT–Ni is also improved by 98% than that of pure 
Nafion/IL membrane. Higher tensile modulus of the com-
posite membrane results in much higher blocking force of 
the actuators.[43,44] Moreover, the composite membrane 
with 10 wt% of G–CNT–Ni exhibits two times elonga-
tion break compared with pure Nafion membrane, because 
3D G–CNT–Ni heteronanostructure with a large surface area 
can strongly interact with the ductile Nafion polymer chains. 
Figure 4c shows the surface resistance and ionic conductivity 
of the Nafion/G–CNT–NI composite membranes, along with 
the various mass fractions of G–CNT–Ni. The ionic conduc-
tivity of the composite membrane gradually increased up to 
10 wt% of G–CNT–Ni in Nafion, while maintaining the elec-
trically insulated nature of the ionic membrane. Interestingly, 
because the volume-to-mass ratio of 3D G–CNT–Ni is much 
lower than that of other carbon materials, percolation does 
not occur below 10 wt% of G–CNT–Ni.[45] In addition, the 
composite membrane with 15 wt% of G–CNT–Ni was syn-
thesized to investigate its electro-chemomechanical prop-
erty. However, it was verified that aggregation of G–CNT–Ni 
occurred in the polymer due to an increase in the volume of 
G–CNT–Ni, resulting in partial percolation of the composite 
membrane. Moreover, the G–CNT–Ni in the ionic composite 
membrane help dissociated mobile ions rapidly migrate 
toward the electrodes, leading to much faster and higher 
bending actuation. In addition, the cross-sectional SEM 
image of the fabricated actuator is shown in Figure 4d. The 
thicknesses of the actuator and the electrodes are around 
248 and 38 µm, respectively. The composite electrodes, com-
posed of PEDOT:PSS and G–CNT–Ni, strongly adhere to 
the Nafion/G–CNT–Ni membrane, without delamination.

The actuation performances of the fabricated electroac-
tive artificial muscles were evaluated and are presented in 
Figure 5. In order to investigate the influence of G–CNT–
Ni in the electrodes of the actuators, the pure Nafion-based 
actuators with four different conditions of the electrodes 
such as PEDOT:PSS, PEDOT:PSS/rGO, PEDOT:PSS/G–Ni, 
and PEDOT:PSS/G–CNT–Ni, their actuation performances 
were firstly measured under sinusoidal excitation, as shown 
in Figure 5a and Figure S7 (Supporting Information). In 
particular, the pure Nafion-based actuator sandwiched with 
PEDOT:PSS/G–CNT–Ni electrodes shows exceptional 
bending performances compared to the other actuators. 
The tip displacement of the actuator was 2.42 mm under 
an input voltage of ±1 V at a frequency of 0.1Hz, which was 
2.4, 1.6, and 1.5 times higher than those values of the other 
actuators having PEDOT:PSS (0.97 mm), PEDOT:PSS/rGO 

(1.49 mm), and PEDOT:PSS/G–Ni (1.54 mm) electrodes. 
Next, as shown in Figure 5b and Figure S8 (Supporting 
Information), the actuation performances were compared 
with the different conditions of the ionic composite mem-
branes by varying the weight percent of G–CNT–Ni in 
Nafion under identical sinusoidal excitation. As expected, 
the actuator with 10 wt% of G–CNT–Ni in Nafion showed 
slightly higher bending performance compared to the other 
actuators. The tip displacements of the actuators were 3.23, 
2.77, 2.72, and 2.42 mm under the input voltage of ±1 V at a 
frequency of 0.1Hz as illustrated in Figure 5b. The detailed 
actuation performances and normalized blocking forces of 
the actuators are presented with different mass fractions 
of G–CNT–Ni in Figure 5c. The normalized blocking forces 
are a nondimensional factor divided by a blocking force of 
the reference actuator consisting of pure Nafion and pure 
PEDOT:PSS electrodes. In addition, the actuation perfor-
mances and blocking force tests were demonstrated under a 
sinusoidal AC input (±1 V, 0.1 Hz) and a DC step input (2 V), 
respectively. The measured blocking forces of the actuators 
are listed in Table S4 (Supporting Information). The bending 
performances and blocking forces were improved drastically, 
2.51 times and 1.64 times, respectively, when G–CNT–Ni 
was applied to the electrodes. These results indicate that the 
electro-chemomechanical properties of the electrodes have a 
strong influence on the actuation performances, helping fast 
migration of mobile ions inside the ionic polymer toward the 
electrodes. The bending displacements and blocking forces 
of the actuators were also found to be gradually improved 
with increasing mass fraction of G–CNT–Ni in Nafion. 
The reason why the blocking forces were greatly increased 
without degradation of the bending displacement is mainly 
due to the enhanced mechanical stiffness of both composite 
electrodes and membrane, and increased ionic conductivity 
of the ionic composite polymer, as reported in Figure  4c. 
As a result, the Nafion/G–CNT–Ni (10 wt%) composite 
actuator with PEDOT:PSS/G–CNT–Ni electrodes exhibits  
3.41 times higher bending performance and 2.37 times higher 
blocking force in comparison with the reference actuator. 
Figure 5d shows the blocking force of the Nafion/G–CNT–Ni 
(10 wt%) composite actuator with PEDOT:PSS/G–CNT–Ni 
electrodes in comparison with that of reported ionic EAP 
actuators consisting of nonmetallic electrodes and ionic 
polymer.[15,23,46–49] The maximum blocking force of the actu-
ator in this work is 4.53 mN, which outperforms nonmetallic 
electrode-based ionic actuators as shown in Figure 5d. This 
result indicates that there has been significant progress on 
the blocking force of ionic-type actuators compared with 
previously reported results. Moreover, the bending per-
formances of all actuators were measured under the input 
voltage of ±1 V at various frequencies, with results as shown 
in Figure  5e. The Nafion/G–CNT–Ni (10 wt%) composite 
actuator with PEDOT:PSS/G–CNT–Ni electrodes always 
shows the best actuation performances compared with other 
actuators. The bending responses of the as-fabricated actua-
tors at the various frequencies are shown in the inset graph 
of Figure 5e. In addition, the bending strains of all actuators 
were calculated under various frequency conditions and listed 
in Table S5 (Supporting Information). The bending strain of 
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the Nafion/G–CNT–Ni (10 wt%) composite actuator with 
PEDOT:PSS/G–CNT–Ni electrodes is 0.52% under the input 
voltage of 1 V at frequency of 0.1 Hz, while that of actuators 
consisting of pure Nafion and pure PEDOT:PSS electrode is 
0.15% under the same condition. Moreover, it can be seen 
that the actuator fabricated in this study is quite competitive 
with previously reported ionic EAP actuators with respect to 
bending strains. The durability of the actuators was measured 
for 4 h under AC input (±1 V, 1 Hz), as shown in Figure 5f. 
The Nafion/G–CNT–Ni(10 wt%) composite actuator with 
PEDOT:PSS/G–CNT–Ni electrodes maintains its actuation 
performances at a level above 93% of its initial peak dis-
placement without significant degradation for 4 h. In addi-
tion, the initial and final harmonic responses of the actuator 
after the durability test are shown in Figure S9 (Supporting 
Information). An optical photograph of the actuator with its 
scale is shown in Figure S10a (Supporting Information). The 
length and width of the actuator are 30 mm and 4 mm, respec-
tively. All actuation experiments were conducted with identi-
cally scaled actuators, so as to allow a clear and consistent  

comparison of their performances. Moreover, the large 
and arc-shaped bending deformation of the actuator 
was confirmed in Figure S10b (Supporting Information). 
Consequently, present results show that the application of 
3D G–CNT–Ni heteronanostructures to both electrodes and 
ionic polymer greatly improves the overall actuation perfor-
mances of soft ionic actuators including both the bending 
deformations and the blocking forces.

3. Conclusion

In summary, an electroactive artificial muscle with superior 
blocking force and large bending deformations based on 
3D G–CNT–Ni heteronanostructures having high surface-
to-volume ratio, carbon nanotube spacer between graphene 
sheets, and efficient pathway for electron and ion transport 
is developed. The 3D G–CNT–Ni heteronanostructure, which 
has much higher specific capacitance of 433.78 F g−1 com-
pared with rGO (187.64 F g−1) and G–Ni (184.07 F g−1) in 
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Figure 5.  Actuation performances of the G–CNT–Ni-based actuators: bending actuation performances of the actuators composed of a) pure Nafion 
and different electrodes, and b) G–CNT–Ni-based electrodes and different ionic membranes. c) Bending displacement and normalized blocking 
force of the actuators. d) Blocking force of the actuator in comparison with that of other reported ionic EAP actuators. e) Bending displacement of 
the actuators at different frequencies and f) durability results of the actuators.
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nonaqueous electrolyte, was applied to electro-chemome-
chanically reinforce both PEDOT:PSS electrodes and Nafion 
membrane. Moreover, ionic composite membranes consisting 
of Nafion and G–CNT–Ni were fabricated and analyzed 
using tensile tests, four-probe measurement, and EIS. The 
membrane with 10 wt% of G–CNT–Ni has a high mechanical 
property of 69.28 MPa and ionic conductivity of 0.254 S m−1 
while maintaining its insulated nature without any electrical 
percolation. Furthermore, the Nafion/G–CNT–Ni (10 wt%) 
composite actuator with PEDOT:PSS/G–CNT–Ni electrodes 
showed significantly enhanced actuation performances, 
including bending performance of 6.59 mm, 2.37 times 
improved blocking force, and cyclic durability for 4 h without 
remarkable performance degradation. The enhancement of 
the actuation performances is mainly attributed to the high 
electro-chemomechanical properties of 3D G–CNT–Ni het-
eronanostructures, which generate a synergistic effect with 
the actuator components. The proposed electroactive soft 
composite actuator based on the 3D G–CNT–Ni heteronano-
structure can be a promising candidate for various in-demand 
soft electronics such as flexible haptic devices, wearable elec-
tronics, and biomimetic systems.

4. Experimental Section

Preparation of 3D G–CNT–Ni Heteronanostructures: Graphene 
oxide powder was obtained from graphite using the modified Hum-
mer’s method.[50] After microwave-assisted exfoliation of graphene 
oxide, 100 mg of reduced graphene oxide was mixed and ultrason-
icated with 100 mg of nickelocene (Ni(C5H5)2) and 3 mL of acetoni-
trile (CH3CN). Afterward, the mixture was exposed to sequential 
microwave irradiation at the power of 700 W for 5 min using a 
commercial microwave oven. Then, 3D G–CNT–Ni heteronano-
structures were easily synthesized. In addition, G–Ni was synthe-
sized following the above method without addition of acetonitrile.

Preparation of Nafion/G–CNT–Ni Ionic Membrane: At first, 
Nafion solution (dispersion D2021) was dried in a vacuum oven 
for 6 h at 80 °C. The dried Nafion membrane was redispersed in 
dimethylacetamide (DMAc) by adjusting the density of the mixed 
solution to 62.5 mg mL−1. Then, 225 mg of ionic liquid (EMIM-BF4) 
was added to 6 mL of the mixed solution and stirred for 24 h. After 
that, G-CNT-Ni was dispersed in the solution at various mass frac-
tions of 0, 0.05, 0.1, 0.2, 0.5, 0.7, 1, 2, 5, 7, and 10 wt% against 
the mass of Nafion. The mixture solutions were stirred for another 
24 h and sonicated for 30 min to obtain homogeneous disper-
sions. These homogeneous dispersions were dried in glass molds 
at 90 °C for 4 h.

Preparation of Sandwiched Ionic Actuators: Before fabricating 
the soft ionic actuators, G–CNT–Ni was first dispersed in the 
PEDOT:PSS solution to make the electrodes of the actuators. 40 mg 
of G–CNT–Ni was homogeneously mixed with 40 mL of PEDOT:PSS 
and 1 mL of DMF for 12 h. Afterward, using a hot plate, the solu-
tion was directly casted onto both sides of the G–CNT–Ni-based 
Nafion composite membrane at 80 °C for 1 h. Then, the fabricated 
actuator was sandwiched between slide glasses and annealed in 
the oven at 60 °C for 2 h.

Characterization: rGO, G–Ni, and G–CNT–Ni were exam-
ined by field-emission scanning electron microscopy (FESEM, 

Magellan400) at working voltage of 10 kV, field-emission trans-
mission electron microscopy (FETEM, Tecnai F30 ST) at acceler-
ating voltage of 300 kV. XPS (K-alpha), XRD (Smartlab), dispersive 
Raman spectroscopy (ARAMIS), TGA (TGA 92-18), UV–VIS/NIR 
spectrophotometer (Lambda 1050, Perkin Elmer), mechanical 
tensile testing (Shimadzu Model AGS-X), and four-probe system 
measurement (MST-400A, KEITHLEY 2400) were used to analyze 
electro-chemomechanical properties of rGO, G–Ni, and G–CNT–Ni. 
CV (VersaStat3) was performed to measure specific capacitance of 
the materials with a counter electrode of platinum rod and a refer-
ence electrode of Ag/AgCl in 3.5 m KCl. In addition, electrochemical 
impedance spectroscopy (EIS, VersaStat3) was also measured 
to calculate the ionic conductivity of the Nafion/G–CNT–Ni com-
posite membranes with a sinusoidal potential perturbation of 
20 mV within frequency range of 100 kHz to 1 Hz.[19] During the EIS 
measurement, an ECC-STD electrochemical cell was used. The dis-
placement of the actuators was measured using an NI-PXI system 
(NI-PXI 1042Q, PXI 6252 board), and a laser displacement sensor 
(Keyence, LK-031). The blocking force of the actuators was meas-
ured using a load cell (LVS-5GA, Kyowa) directly connected to an 
indicator. The bending strain of the actuator is determined by the 
following equation: 

1 2
2 2R

d
l

κ δ
δ

= =
+

� (1)

where d, δ, and l are the thickness, tip displacement, and the free 
length of the actuator, respectively.
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