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Abstract
A newly developed ionic electro-active actuator composed of an ionic electrolyte layer
sandwiched between two graphene film layers was investigated. Scanning electronic microscopy
observation and x-ray diffraction analysis showed that the graphene sheets in the film stacked in
a nearly face-to-face fashion but did not restack back to graphite, and the resulting graphene film
with low sheet resistance (10Ω sq−1) adheres well to the electrolyte membrane. Contact angle
measurement showed the surface energy (37.98 mJ m−2) of the ionic electrolyte polymer is 2.67
times higher than that (14.2 mJ m−2) of the Nafion membrane, contributing to the good adhesion
between the graphene film electrode and the electrolyte membrane. An electric double-layer is
formed at the interface between the graphene film electrode and the ionic electrolyte membrane
under the input potential, resulting in a higher capacitance of 27.6 mF cm−2. We report that this
ionic actuator exhibits adequate bending strain, ranging from 0.032 to 0.1% (305 to 945 μm) as
functions of voltage.

Keywords: graphene film, chitosan, ionic liquid, double layer, actuator

(Some figures may appear in colour only in the online journal)

1. Introduction

Ionic electro-active polymers (EAPs) such as conductive
polymers, ionic polymer metal composites (IPMCs), and
carbon polymer composites have attracted great attention in
recent decades for their large displacement, light weight, and
quick and soft low-voltage actuation that is similar to natural
muscle [1–6]. Typically, an IPMC is composed of one ionic
electrolyte membrane sandwiched between two metallic
electrode layers such as gold, platinum, or palladium [7–11].
Lu et al presented a typical photograph of the surface of
fabricated actuator samples, from which a ‘mud-cracked’
texture can be observed due to the cracking of the deposited
platinum during the drying process [12]. Lee et al and Park
et al found that the fractured and cracked electrode surface

was observed after the severely oscillational actuation
[13, 14]. Crack generation on a metallic electrode affects the
hydration level of the IPMC actuator. Water leakage out of
the cracked electrode surface can result in energy con-
sumption and reduce the actuator’s performance. Therefore,
a crack-less electrode with good electrical properties is
significant for the actuator. Recently, single-walled carbon
nanotubes (SWNTs) have been introduced as an electrode
material due to their good electrical conductivity, high
specific capacitance, and quantum mechanical elongation,
which metal electrodes do not possess [15, 16]. Mukai et al
reported a second-generation SWNT (SG-SWNT) actuator
composed of polymer-free nanotube electrodes, which
showed much better performance than previously reported
dry EAP actuators [16]. Palmre et al investigated the effects
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of adding SWNTs to carbide-derived carbon electrodes of an
EAP actuator. The SWNTs were selected due to their high
electronic conductivity, good electrochemical stability,
mesoporosity, and sufficient specific surface area [17].
However, SG-SWNTs are still extremely rare, expensive,
and difficult to disperse uniformly. Graphene sheets offer
extraordinary electronic, thermal, and mechanical properties
due to their unique structure. Also, one encouraging possible
use for graphene is as a cheaper but better replacement for
SG-SWNTs in various applications, because the naturally
abundant and cheap graphite flakes are used to fabricate
graphene [18]. Oh et al developed a novel, durable, and
buoyant ionic polymer-graphene composite actuator inte-
grated with hydrophobic and asymmetrically laser-scribed
reduced graphene oxide film electrodes. The actuators with
both water and ionic liquid electrolytes show exceptionally
durable actuation without apparent degradation. There is the
challenge of poor adhesion between the graphene film and
the Nafion membrane, so the laser-scribe process was used
to develop a strong bond between those two surfaces [19].
Kim et al investigated a transparent dielectric elastomer
actuator driven by a few-layer graphene electrode. The
actuator produced bending displacement performance ran-
ging from 29 to 946 μm as a function of frequency and
voltage [20]. Lu et al introduced a newly developed reduced
graphene oxide/carbon nanotube full carbon electrode-
(135 S cm−1) based electromechanical actuator, which
exhibited a wide frequency range response, large bending
displacement, and a million times long-term actuation sta-
bility [21]. Also, some human-related applications such as
smart electronic textiles, surgical tools, and disposable bio-
medical devices will require biodegradable and/or bio-
compatible ionic-exchangeable polymers. In recent years,
chitosan has attracted significant interest and now plays an
important role in the aforementioned fields due to its
favorable properties such as biodegradability, biocompat-
ibility, and bioactivity. Recent research shows that ionic
liquids are compatible with biopolymer chitosan at the
molecular level, and a composite of these liquids can be used
as a biosensor [22, 23]. Li et al reported a novel SWNT-
based bimorph electromechanical actuator consisting of

unique as-grown SWNT films as double electrode layers
separated by a chitosan electrolyte layer made up of an ionic
liquid [24]. Lu et al developed a chitosan/ionic liquid-based
bimorph actuator with chitosan-wrapped multi-walled car-
bon nanotube (MWCNT) composites as conductive supra-
molecular structure electrodes [23]. To achieve a crack-less
electrode, biocompatibility, and a good interface for the
actuator, the graphene film, chitosan, and ionic liquid could
be used to fabricate an ionic electro-active actuator.

In the present study, we demonstrate a newly ionic
actuator composed of an ionic electrolyte layer sandwiched
between two graphene films layers. The ionic electrolyte layer
was obtained by casting from a mixed solution of chitosan
and ionic liquid (1- butyl -3- methyl imidazole tetra-
fluoroborate, BMImBF4). The graphene film was prepared by
filtering graphene dispersion through an anodisc membrane
filter. The newly ionic actuator was fabricated by hot-pressing
the graphene film and ionic electrolyte layer, and the electro-
chemical-mechanical performance was investigated and
discussed.

2. Experimental section

2.1. Materials

BMIBF4 from Aladdin (Los Angeles, California, USA) was
used as received without any further purification. Chitosan
powder (the viscosity is 50∼ 800 mPa · s), glycerol, and acetic
acid were purchased from Sigma Aldrich (St. Louis, Missouri,
USA). Poly(dimethylsiloxane) (PDMS, Sylgad 184) was
purchased from Dow Corning (Midland, MI, USA). Graphite
was purchased from XFNANO (Nanjing, Jiangsu, People’s
Republic of China).

2.2. Fabrication of the ionic actuator

Chitosan (200 mg) was added to 2% acetic acid solution
(5 ml). The mixture was stirred at 60 °C for 30 min to form a
homogenous solution. Then, glycerol (0.8 g) and BMIBF4
(100 mg) were added to the above chitosan solution and
stirred at 60 °C for 30 min. The obtained suspensions were

Figure 1. Schematic of preparation of the newly ionic actuator. (a) The graphene film and chitosan/glycerol/BMImBF4 electrolyte film. Inset:
the cut flexible graphene film. (b) Architecture of the ionic actuator by hot-pressing and strain under the potential. Inset: the sample.
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cast in a PDMS container (length ×width × height,
50 mm×30 mm×40 mm) and placed in an oven at 60 °C for
4 h to obtain the chitosan/glycerol/BMImBF4 membrane
(figure 1(a)). Graphite oxide was synthesized from natural
graphite by a modified Hummers method [25]. Graphite (1 g)
was mixed with H2SO4 (18 ml) and NaNO3 (1 g) and stirred
for 5 h. Then, KMnO4 (3 g) was slowly added to the mixture
in an ice bath. After stirring for 4 h, 10 wt% H2O2 (100 ml)
was added to the mixture, and it gave a brown dispersion.
This brown mixture was washed with 10% HCl (100 ml) and
sufficient deionized water. The graphite oxide suspension was
ultrasonicated for 1 h to exfoliate the graphene oxide. The
resulting homogeneous dispersion (6 ml) was mixed with
deionized water (6 ml), 35 wt% hydrazine (5 μL), and 28 wt%
ammonia solution (42 μL) and stirred in 95 °C for 3 h to
prepare the graphene dispersion. The graphene film
(figure 1(a)) was made by filtration of a dispersion through an
anodisc membrane filter (47 mm in diameter, 0.2 μm pore
size, GE Whatman). A piece of graphene film electrode was
carefully stuck on each side of the obtained half-dried chit-
osan/glycerol/BMImBF4 membrane. The three-layered ionic
actuator was hot-pressed at 2 g mm−2 for 2 min at 70 °C
(figure 1), and then cut to 20 mm×5mm with a thickness of
100 μm. The composite membrane was further dehydrated in
a vacuum oven at 60 °C for a week.

Chitosan is a cationic polyeletrolyte, and chitosan
membranes have been used for active transport of chloride
ions in aqueous solutions [26]. The fabricated actuator was
investigated in an air-operating environment, so the migration
of cations and anions of the ionic liquid is responsible for the
generated stains. The actuator operating in an aqueous solu-
tion will be studied in the future. The actuation mechanism of

the fabricated actuator is given in figure 2. Also, a simple
illustration of the electric double-layer formation between the
graphene film electrode and ionic liquid is given in figure 3.

2.3. Experimental setup

Scanning electronic microscopy (SEM) (JSM 6360LV, JEOL,
Japan) was used to observe the surface topographical struc-
tures. Cross sections of all samples were obtained by low-
temperature cracking. All samples were coated with Au par-
ticles (∼20 nm) prior to SEM analysis. The contact angle was
measured using a contact angle measurement apparatus
(CAM-100, KSV Instruments, Finland). A drop of deionized
water or glycerol was put onto the surface of the chitosan/
glycerol/BMImBF4 membrane using a micropipette. X-ray
diffraction (XRD) of the graphene film was observed using an
x-ray diffractometer (X″ Pert PRO, PANalytical, Holland),
under 40 kV and 20 mA of Cu Kα radiation with a char-
acteristic wavelength of 0.154 nm. The data were collected
from 15° to 45° with a scan step of 0.008°. The sheet resis-
tance was measured by a sheet resistance meter (280SI, Four
Dimensions, USA).

For the electrochemical test, an electrochemical work-
station (CHI604E, CH Instrument, USA) was used to obtain
the cyclic voltammeter (CV) curves, Nyquist plots, and Bode
plots of the ionic actuator. The sample served as a working
electrode, the platinum electrode served as a counter-elec-
trode, and Ag/AgCl was used as a reference electrode. All
measurements were performed in 0.5 M H2SO4 solution.

For the electromechanical test, the experimental setup
consisted of a signal generator and laser displacement sensor.
The test samples were driven by signal generation (SP1651,

Figure 2. Schematic diagrams of the ionic actuator actuation mechanism. In the initial state, (a) ions of the ionic liquid are distributed evenly
in the membrane. (b) Strain of actuator under applied voltage.
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SAMPLE, China), which can produce sinusoidal voltage
signals. The laser displacement sensor (LK-G80, KEYENCE,
Japan) was positioned such that the laser beam was perpen-
dicular to the actuator surface and projected at a location
13 mm from the fixed edge of the graphene film-chitosan/
glycerol/BMIBF4 actuator.

3. Results and discussion

3.1. SEM observation, contact angle, and XRD analysis

It is known that some induced cracks exist between the pla-
tinum particles of the metal electrode, so the inner electrolyte
of the IPMC actuator, including water and ionic liquid, can
pass through the cracks in air, thus consuming a large amount
of energy. Also, agglomeration is observed, implying that
incipient particles coagulate during the plating process and
increase the surface resistance. However, there is no ‘mud-
crack’ texture (figures 4(a) and (b)) on the surface of the
graphene film (figure 4(c)), so there is no leakage of ionic
liquid in the actuator. Therefore, if the driving voltage is
controlled so it is lower than the electrochemical window of
the ionic liquid, the actuator exhibits no drop in its actuation
displacement under the sinusoidal voltage because it does not
have the water electrolysis and leakage problem; this is ver-
ified in the following section. The cross-sectional SEM

images of the actuator are given in figures 4(d) and (e). A
graphene film layer with thickness of up to ∼10 μm is well
bound to the chitosan/glycerol/BMIBF4 polymer layer
(figure 4(d)). Figure 4(e) shows the magnified boundary
region very clearly, exhibiting good adhesion between the
polymer layer and the graphene film electrode layer without
laser-scribed surface treatment, which is reportedly necessary
to enhance the adhesion between the graphene film and the
Nafion membrane [19]. According to the Johnson-Kendall-
Robert theory, the adhesion is directly related to the surface
energy, and an elastomer with high surface energy has high
adhesion [27, 28]. The definition of the contact angle is
described by the well-known Young’s equation:

γ γ θ γ= +cos , (1)s l sl

where γ ,s γ ,l γsl are the interfacial tensions between solid and
vapor, liquid and vapor, and solid and liquid, respectively; θ
is the contact angle. The interfacial tension between solid and
liquid can be described according to the Fowkes equation,

γ γ γ γ γ γ γ= + − −2 2 , (2)sl l s s
d

l
d

s
p

l
p

γ γ γ= + , (3)s s
d

s
p

γ γ γ= + , (4)l l
d

l
p

where d is the dispersion force component of the surface
energy and p is the polar component of the surface energy.
For water, γl

d = 22.1 mNm−1, γl
p = 50.2 mNm−1; for glycerol,

γl
d = 37.0 mNm−1, γl

p = 26.4 mNm−1 [29]. Equation (1) was
substituted to equation (2), and the equation was obtained as
follows,

γ θ γ γ γ γ+ = +(1 cos ) 2 2 . (5)l s
d

l
d

s
p

l
p

Thus, the surface energy can be obtained from
equations (3) ∼ (5). For water, θ = °   64.07 ; for glycerol,
θ = °   65.35 . Therefore, the good adhesion is attributed to the
fact that the surface energy (37.98 mJ m−2) of the chitosan/
glycerol/BMIBF4 membrane is 2.67 times higher than that of
the Nafion membrane (14.2 mJ m−2) [30]. Figure 4(f) gives
the cross-sectional SEM images of the graphene film, show-
ing porous yet well-packed layers. The graphene sheets in the
film are stacked in a nearly—but not perfectly—face-to-face
fashion, which was also reported by Yang et al [31]. A small
and broad peak at around 21° was detected by XRD analysis
(figure 5). The corresponding intersheet spacing of 0.31 nm
was calculated according to the Bragg equation:

θ λ=d n2 sin , (6)

where λ is the wavelength of the x-ray, d is the intersheet
spacing of the graphene film, θ is the Bragg angle, and =n 1.
This indicated that the graphene film did not restack back to
graphite. The sheet resistance of the graphene film was
measured as 10Ω sq−1, which definitely provides enough of
an electric field across the polymer matrix. Also, sheet
resistances under various actuation times are shown in
figure 6; the number in the horizontal ordinate represents
the number of the actuation time, and every actuation is under
a sinusoidal voltage of 4 V at 0.1 Hz for 600 s. One finds that

Figure 3. A C12 unit cell was used to model the monolayer graphene
as shown (C-atoms indicated by small silver spheres). Under a
potential, the BMIm

+ cations, indicated by large blue spheres, move to
the cathode and BF4

− anions, indicated by small green spheres, move
to the anode, forming the electric double-layer.
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the sheet resistance remained stable after six intercalations of
the cyclic ions.

3.2. Electrochemical properties

A frequency response analysis at the open circuit potential
over a frequency range of 1 kHz to 0.01 Hz yields the Nyquist
and Bode plots of the chitosan/glycerol/BMIBF4/graphene
film actuator, shown in figure 7. The Nyquist plot is com-
posed of a depressed semicircle (at high frequency) and a
linear Warburg part (at low frequency). To more accurately
evaluate the ionic diffusion responses of this newly ionic
actuator in the low-frequency range, the Warburg diffusion
element and the constant phase element (CPE) can be used
[22]. Thus, the equivalent Randles circuit with the Warburg
diffusion element and CPE was used to model the

electrochemical impedance, as presented in figure 7(a). The
equivalent Randles circuit includes the ohmic resistance (R1),
charge-transfer resistance (R2), double-layer capacitane
(CPE), Warburg diffusion element (W), and adsorption
capacitance (C1). It is well known that the intercept at the Z-
axis in the high frequency corresponds to the ohmic resistance
(R1) of the actuator. The semicircle in the high-frequency
range is attributed to the charge-transfer resistance (R2). The
straight line in the low-frequency range is associated with the
ion diffusion of the ionic liquid in the polymer (CPE and W).
The CPE is defined as the equation:

ω=Z Y j1/ ( ) , (7)n
CPE 0

where j is the complex number, Y0 is the CPE parameter
(CPE-T), and n is the CPE exponent (CPE-P). n is related to
the rough interface between the graphene film electrode and

Figure 4. SEM images of (a), (b) cracks on the surface of metal electrode; (c) the crack-less surface of the graphene film; (d) the cross section
of the chitosan/glycerol/BMIBF4/graphene film actuator; (e) the interface between the graphene film and polymer layer; (f) the cross section
of the graphene film.
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the polymer matrix (figure 4(e)). The Warburg impedance can
be calculated from the equation:

ω ω=Z Rctnh jT jT( ) ( ) , (8)w
p p

where j is the complex number and R, T , and P are the
Warburg parameters W-R, W-T, and W-P, respectively. The
detailed fitting results (table 1) were obtained by ZView from
Sai software, and the fitting curves of the Nyquist and Bode
plots showed good agreement with the experiments in
figure 7. The Nyquist plot indicates the quasi-reversible
electrode system, showing the characteristic impedance
semicircle controlled by the charge-transfer process in the
high frequency and the characteristic straight line controlled
by the diffusion process in the low frequency, which is caused
by the difference between the two relaxation processes of
charging and discharging, and diffusion. That means this
ionic actuator system is controlled by both the charge-transfer

process and the mass-transfer process, which can account for
the Stern model of the electric double-layer, which includes
the Stern layer and the diffuse layer [32].

CV measurements were carried out for the graphene film-
chitosan/glycerol/BMIBF4 actuator. CV was measured in
potential −0.5 to 0.5 V at scan rates of 100, 200, 500, 1000,
and 2000 mV s−1. The redox peaks cannot be seen in the CV
curves, and thus no faradic current was observed under the
scan potential (figure 8). This means the actuator has the
typical feature of an electrochemical double-layer capacitor,
showing outstanding electro-active charging characteristics at
the interface between the graphene film and the electrolyte,
especially when small sweep rate values are applied. The
double-layer capacitance of the actuator was evaluated by the
following equation:

=C I V2 / , (9)p s

where Ip is the peak-to-peak value of the current at the voltage
of 0 V and Vs is the sweep rate of the voltage (V S−1) [33]. As
the scan rate decreased from 1000 to 100 mV s−1, the
capacitance per unit surface area increased from to 2.58 to
27.6 mF cm−2, which is much larger than that of the IPMC
(not larger than 0.1 mF cm−2) [34]. The large capacitance
indicates a superior charge accumulation and plays a

Figure 5. XRD pattern of the graphene film. XRD analysis showed
that the films displayed a nearly amorphous structure. Only a small
and broad peak at around 21°, corresponding to a d spacing of
0.31 nm, was detected. The result indicates that the graphene film,
despite being substantially compressed, did not restack back to
graphite. If the stacking were of the perfectly flat, face-to-face type,
detectable, sharp XRD peaks would be observable.

Figure 6. Sheet resistances under various actuation times.

Figure 7. Electrochemical impedance spectroscopy measurements.
(a) Nyquist plots. The inset figure shows the equivalent Randles
circuit model for fitting the electrochemical impedance. (b) Bode
plots of the newly ionic actuator and the fitting curves.
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significant role in displaying an improved bending displace-
ment because the charge accumulation is responsible for the
strain of the actuator [21]. The electric double-layer makes a
significant contribution to the high capacitance.

3.3. The displacement and strain

While the voltage was applied between the graphene film
electrode, positive and negative charges were injected into the
two electrodes separately, providing an electric field where
the cation, BMIm+, migrates to the cathode and the anion,
BF4

−, migrates to the anode. Due to the steric effects [35], the
large-sized BMIm+-rich electrode expands more than the
small-sized BF4

−-rich electrode, thus causing the composite
membrane to bend towards the anode. Also, the ionic liquid’s
compatibility with chitosan and graphene allows their effec-
tive transportation between anode and cathode, which greatly
benefits the actuation displacement. The measured maximum
displacement was transformed into the maximum strain (ε )max

of the newly ionic actuator by using the following equation:

ε
δ
δ

=
+
D

L

2
, (10)max

max

2
max

2

where D, δ ,max and L are the thickness, the displacement, and
the free length of the new actuator, respectively [17]. Figure 9
depicts the relationship between the strain and the driving
voltage for the ionic actuator. The strain is enhanced by the
increased driving voltage. The maximum displacements are
0.3053, 0.3618, 0.5927, and 0.945 mm under the sinusoidal
voltages of 4, 5, 6, and 7 V at 0.1 Hz, respectively. Thus, the
resulting εmax values are 0.032%, 0.038%, 0.063%, and 0.1%
under the sinusoidal voltages of 4, 5, 6, and 7 V at 0.1 Hz,
respectively, which is comparable to the strain (0.019% to

0.359%) of the flexible supercapacitor-like actuator with
carbide-derived carbon electrodes reported by Torop et al
[36]. This result suggests that the displacement or strain can
be easily controlled at low driving voltages. Compared with
the conditional IPMC actuator, the strain (0.1%) of this ionic
actuator was smaller than that (0.79%) of the IPMC [13]. A
simplified equivalent circuit model for each type of ion
reported by Liu et al can account for the presence of the
mobile cations and anions [37]. The charge density, Q, versus
time becomes = − + −τ τ− −Q t Q e Q e( ) (1 ) (1 ),t t

0
cat /

0
an /cat an

and τcatand τan are the time constant. Note that because the
oppositely charged mobile ionic liquid ions add together, the
strains they generate will have opposite signs and hence will
cancel each other out. Therefore, the strain of the actuator is
ε ε ε= − − −τ τ− −e e(1 ) (1 ),t t

0
cat /

0
an /cat an which decreases the

total strain of this ionic actuator. However, this actuator
exhibits no drop—it even shows a slight increase trend in its
actuation displacement under the sinusoidal voltage of 4 and
5 V at 0.1 Hz—because it does not have the water electrolysis
problem, and the flake-like structure of the graphene film
effectively preserves the leakage of the ionic liquid with
stable properties. Figures 4(a) and (b) show a large amount of
cracks on the surface of the metal electrode. One can see in
figure 4(b) that there are cracks with widths of 500 nm ∼1 μm,
which are much larger than the nano-size of the ionic liquid,
BMImBF4 [38, 39]. Thus, it is supposed to be very easy for
BMImBF4 to leak out of the metal electrode. To reflect the
stability of the strain of the graphene-based actuator under the
sinusoidal voltages of 4 and 5 V at 0.1 Hz, the strain of
BMImBF4/Nafion-Pt actuator (20 mm×5mm×0.2 mm) was
measured under the sinusoidal voltages of 4 and 5 V at 0.1 Hz
in figures 9(c) and (d). It was found that the BMImBF4/
Nafion-Pt actuator can only preserve 52.6% and 35.9% strain
after 600 s under the sinusoidal voltages of 4 and 5 V,
respectively, at 0.1 Hz, indicating the leakage of ionic liquid
out of the platinum electrode. Due to a driving voltage that is
much higher than the electrochemical window (∼4.7 V) of
BMImBF4, the actuator can only preserve 82% and 51% of
the actuation displacement under 6 and 7 V, respectively, after
600 s. Thus, for better applications, the driving voltage should
be controlled near the electrochemical window to maintain
the extremely stable properties.

4. Conclusions

In summary, a novel ionic electro-active actuator was success-
fully demonstrated by hot-pressing the graphene film and the
chitosan/glycerol/BMImBF4 membrane, which has the advan-
tages of a crack-less electrode, biocompatibility, good interface,
and high capacitance. The excellent adhesion between the gra-
phene film electrode and the chitosan/glycerol/BMImBF4

Figure 8. CV curves of the ionic actuator.

Table 1. Impedance parameters of the ionic actuator.

Sample R1 (Ω) CPE-T (S sn/cm2) CPE-P/n R2 (Ω) W-R (Ω) W-T (s) W-P C1 (mF)

Ionic actuator 26.49 0.0035098 0.57969 105 355.1 59.88 0.5 1.424
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polymer membrane is attributed to the 2.67-times-higher surface
energy (37.98mJm−2) of ionic electrolyte polymer. Compared
with that of a conventional IPMC, this newly ionic actuator
showed a much higher capacitance of 27.6 mF cm−2, which is
attributed to the electric double-layer formed in the interface
between the graphene film and the polymer matrix. Due to the
crack-less graphene film electrode and the stability of the ionic
liquid, this newly ionic actuator exhibited extremely stable
performance under the electrochemical window of an ionic
liquid, so it can be used in biomimetic actuators, touch feedback
systems, and capacitors.
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