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Abstract In this article, the effects of graphene
loading (0.1, 0.2, 0.3 wt%) on both the electrome-
chanical and mechanical properties of carboxymethyl-
cellulose (CMC)-based actuators were investigated.
CMC-based graphene-loaded actuators were prepared
by using 1-butyl-3-methylimidazolium bromide. The
synthesized graphene-loaded actuators were charac-
terized by Fourier transform infrared, X-ray diffrac-
tion analysis, thermogravimetric analysis, scanning
electron microscopy, and tensile tests. Electrome-
chanical properties of the actuators were obtained
under DC excitation voltages of 1,3, 5,and 7 V with a
laser displacement sensor. According to the obtained
results, the ultimate tensile strength of CMC-based
actuators containing 0.3 wt% graphene was higher
than that of unloaded actuators by approximately
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72.8 %. In addition, the Young’s modulus value of the
graphene-loaded actuators increased continuously
with increasing graphene content. Under a DC exci-
tation voltage of 5 V, the maximum tip displacement
of 0.2 wt% graphene-loaded actuators increased by
about 15 % compared to unloaded actuators.

Keywords Electromechanical properties -
Carboxymethylcellulose - Smart materials -
Mechanical properties - Graphene

Introduction

Electroactive polymers (EAPs) have been widely
developed for many applications owing to their unique
sensing and actuation advantages. Among these
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polymers, ionic polymer metal composites (IPMCs),
which show bending behaviors to applied low volt-
ages, are candidate materials for applications in smart
structures, artificial muscles, and robotic systems
(Bar-Cohen 2012; Kikuchi and Tsuchitani 2009;
Shahinpoor et al. 1998; Shahinpoor and Kim 2001).
Cellulose, which is the most abundant biomolecule
on earth, can be commonly used to fabricate ionic
polymer actuators because of mechanical endurance,
hydrophilicity, biocompatibility, and capability of
broad chemical modification (Murphy and Wudl
2010; Qiu and Hu 2013). Moreover, it has drawn
considerable interest and encouraged researchers to
develop smart materials based on cellulose in the last 2
decades (Ana Baptista et al. 2013). Kim et al. (2006)
produced bending actuator-based cellulose paper and
revealed the actuation phenomenon of the actuator.
However, dissolution of cellulose in water is difficult
because of the crystalline structure. Cellulose can be
dissolved by some solvents; however, they are toxic,
volatile, and unstable during the dissolution process-
ing (Cao et al. 2009; Kim and Kim 2013). Car-
boxymethylcellulose (CMC), which can be dissolved
in water, is one of the cellulose derivatives that can
also be used as a smart material (Haldorai and Shim
2014; Qiu and Hu 2013; Shang et al. 2008). Besides,
using ionic liquid (IL) is the other successful alterna-
tive method to overcome the problem regarding the
dissolution of cellulose and its derivatives (Hua et al.
2014; Muzart 2006; Patil and Sasai 2008). Also, it
there are many studies using ILs in order to produce an
actuator (Edgar et al. 2001; Fischer et al. 2002;
Swatloski et al. 2002). Among the ionic liquids (ILs),
1-butyl-3-methylimidazolium bromide (BMIMBr)
melts at a relatively low temperature and has been
used in many application areas (Akbari and Heydari
2012; Goswami et al. 2012; Yang et al. 2014; Zare
etal. 2011). In our previous study, we investigated the
effect of polyethylene glycol (PEG) on the electrome-
chanical properties of a CMC-based actuator created
with BMIMBr ionic liquid (Ozdemir et al. 2015).
Graphene, which is a stable 2D one-atom-layer
material, shows excellent properties, i.e., good elec-
trical conductivity and mechanical strength, a large
surface area and superior performance (Huang et al.
2012; Lee et al. 2008; Novoselov et al. 2004; Xia et al.
2009). Feng et al. (2012) emphasized that graphene
loading enhanced the electrical and mechanical prop-
erties. Zhao et al. (2013) also investigated the effects

@ Springer

of graphene loading into smart materials and found
that graphene-loaded actuators can be used as sensors,
switches and artificial muscles.

In the present study, we attempted to improve the
actuation characteristic of CMC-based actuators by
using three different graphene loadings (0.1, 0.2,
0.3 wt%). Selected ratios were used in order to
investigate the optimum actuation performance. It is
also difficult to distribute the higher graphene content
homogeneously. Characterization of graphene-loaded
CMC-based films was performed by thermogravi-
metric analysis (TGA), X-ray diffraction analysis
(XRD), Fourier transform infrared analysis (FTIR),
scanning electron microscopy (SEM) and tensile
tests. Besides, the electromechanical behavior of the
actuators was determined under different DC excita-
tion voltages.

Experiments
Materials

Carboxymethylcellulose sodium salt with low viscos-
ity [C5678-500G; degree of substitution (DS):
0.65-0.90 and molecular weight: 90 kDa], 1-butyl-3-
methylimidazolium bromide (BMIMBr) and PEG
(average mol. wt. 1450 g/mol) were supplied by
Sigma-Aldrich. Graphene nanoplatelets (Gr), having
an average particle diameter of 50-100 nm and
thickness of approximately 5-10 pm, were purchased
from Grafen Kimya Sanayi A.S.

Preparation of CMC-based IPMC actuators

Sodium carboxymethylcellulose (NaCMC) (1.44 g)
was dissolved in 14.4 ml distilled water at room
temperature. Afterwards, 3.21 g BMIMBr was added
to the prepared solution. The solution was placed into
the hot water bath (90-95 °C) and stirred until a
homogeneous mixture was obtained. The bending
behavior of an IPMC actuator is known to depend on
the brittle characteristic and weak mechanical prop-
erty of the actuators. In order to improve these
undesirable properties, Pang et al. (2013) suggested
the plasticization method. PEG can be used as a
plasticizer to enhance the mechanical properties of the
actuator (Cai and Kim 2010). Since the optimal
amount of PEG was found to be 1.5 g (Ozdemir et al.
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2015), after dissolution of BMIMBT, 1.5 g of PEG was
added to this mixture. Gr with fractions of 0.1, 0.2 and
0.3 wt% total mass material was dispersed in the
solution by using an ultrasonic homogenizer. In this
study, graphene-loaded CMC-based films were termed
CMC-Br-0.1Gr, CMC-Br-0.2Gr and CMC-Br-
0.3Gr. The mixture was cast in a petri dish and dried
at room temperature for 24 h. Finally, IPMC actuators
were prepared by coating gold leaf (0.14 pm, L.A.
Gold Leaf) on each side of the films.

Thermogravimetric analysis (TGA)

The effect of Gr loading on the thermal stability of
CMC-Br films was investigated by thermogravimetric
analysis (Perkin-Elmer Pyris TGA). The analyses
were conducted at a heating rate of 10 °C/min from 30
to 600 °C under nitrogen atmosphere.

FTIR analysis

FTIR analysis of the samples was performed using an
FTIR Perkin-Elmer Spectrum BX-II. The spectra were
recorded with the sum of 25 scans at a resolution of
4 cm™! in the range of 4000-400 cm ™.

X-ray diffraction (XRD)

Crystalline structures of the samples were analyzed
using a Philips X-Pert Diffractometer. Ni-filtered Cu
Ko radiation (4 = 1.54 A) generated at a voltage of
45 kV and current of 40 mA was utilized with a time
per step of 10 s and scan step size of 0.03°.

Scanning electron microscope (SEM) observations

The surface morphologies of the CMC-Br- and Gr-
loaded CMC-Br samples were examined using a
high-resolution scanning electron microscope (FEI
Quanta FEG 250). The images were taken at an
accelerating voltage of 5 kV. The gold sputtering of
the samples was performed using the plasma sput-
tering technique.

Tensile tests

In order to determine the mechanical properties,
tensile tests, with a crosshead speed of 0.1 mm/min,

were conducted using a universal testing machine with
a load cell capacity of 100 N. The sample dimensions
were 10 x 40 mm.

Electroactive properties

The electromechanical behavior of CMC-based actu-
ators was investigated under DC voltages of 1, 3, 5 and
7 V. Data acquisition hardware (NI-PXI 7854R) and a
buffer circuit were utilized as the signal source. The
maximum tip displacements of the actuators were
measured by a KEYENCE LK-51 laser displacement
sensor. Each test was repeated at least three times, and
average values and standard deviations of the films
were calculated.

Tensile tests and the maximum tip displacement of
the films were determined at ambient temperature
(24 °C). The relative humidity level was measured as
45 %.

Results and discussions
Thermogravimetric analysis

TGA curves of CMC-Br, CMC-Br-0.1Gr, CMC-Br—
0.2Gr, and CMC-Br-0.3Gr are presented in Fig. 1.
The mass loss up to 110 °C, initial decomposition
temperature (7;), maximum decomposition tempera-
ture (Tiax), final decomposition temperature (7%),
mass loss up to T,ax, and mass loss up to 600 °C are
reported in Table 1. The decomposition of Gr-loaded
and -unloaded samples took place in two steps. A
small mass loss (8.5-12.5 %) for the first decompo-
sition step and a more significant mass loss
(56.4-58 %) for the second step (including the first
step) were observed. The mass loss for the first step
was probably due to evaporation of bound water. The
greater amount of water may affect the actuation
behavior positively to some extent, especially at low
voltage values. After Gr loading, the mass loss up to
110 °C increased. The mass loss for the second
decomposition step was ascribed to the degradation
of the side chain and loss of CO, of CMC (El-Sayed
etal. 2011). Also an increase in Gr loading did not lead
to any variation in the maximum decomposition
temperature. As can be seen from Table 1, while Gr
loadings of 0.1 and 0.2 wt% increased the initial
decomposition temperature, Gr loading of 0.3 wt%
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Fig. 1 TGA curves for the

a) CMC-Br
CMC-based films b) CMC-Br-0.1Gr

¢) CMC-Br-0.2Gr

d) CMC-Br-0.3Gr

&) z
100 250 300 400 450 500 550
Temperature (°C)
Table 1 TGA results for the CMC-based films
Sample Mass loss up Tinial (°C) Tinax (°C) Tinal (°C) Mass loss Mass loss up
to 110 °C (%) up to Tax (%) to 600 °C (%)

CMC-Br 8.5 206 296 371 56.4 90.4
CMC-Br-0.1Gr 10.3 212 292 366 55.8 88.7
CMC-Br-0.2Gr 12.3 212 292 370 56.7 84.2
CMC-Br-0.3Gr 12.5 202 292 353 58.0 86.9

decreased it. After Gr was loaded into the samples,
their mass loss in the 30-600 °C range decreased
considerably. Therefore, it can be noted that Gr
loading into the CMC, ionic liquid and PEG mixture
increased the thermal decomposition residues
observed because of the nonvolatile carbonaceous
material. In addition, both the Gr-loaded and
-unloaded actuators were thermally stable up to
200 °C.

FTIR analysis

The FTIR spectra of CMC-Br (without PEG), CMC—
Br, CMC-Br-0.1Gr, CMC-Br-0.2Gr and CMC-Br-—
0.3Gr are shown in Fig. 2. The peaks at around 3400,
2960, 1610 and 1070 cm™" belong to the hydroxyl
group (—OH), asymmetric —CH,, carboxyl group
(-COO) and >CH-O-CH, group of sodium car-
boxymethylecellulose, respectively (Akar et al. 2012;
Biswal and Singh 2004; Chai and Isa 2013; Habibi
2014).

The characteristic peaks at around 3145 and 3091,
2959 and 2872, 1613, 1573 and 1167 cm™ ! are
attributed to the imidazole ring (C-H), aliphatic
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C-H, O-H bending, imidazole ring, imidazole H-C-C
and H-C-N bending of BMIMBr, respectively
(Rajkumar and Ranga Rao 2008; Ranga Rao et al. 2009).

The methylene group of PEG exhibits an absorption
peak at 2873 cm™'. The vibration peak at around
1462 cm™" is due to the binding vibration of the -CH,
group. The absorption peaks at about 950 and
842 cm™' are due to the C—C stretching (Polu and
Kumar 2011; Polu et al. 2011). As shown in the
spectrum of CMC-Br, the existence of these peaks,
especially at 950 cm™", verified the PEG component
in CMC-Br film.

The loading of Gr at different fractions into CMC—
Br-PEG shifted the absorption bands from 3443,
2959, 1627 cm™" and 1346 to 3441, 2957, 1629 and
1348 cm™', respectively. Very small shifts were
observed because of weak secondary attractive forces
between graphene layers and other components.

X-ray diffraction (XRD) analysis
X-ray diffraction curves of the CMC-based samples

are depicted in Fig. 3. The characteristic diffraction
peak for CMC occurs at 20 = 19.82°. The amorphous
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nature of CMC can be seen with a broad peak at
20 = 20° (Ravikiran et al. 2014). After loading of
CMC into the BMIMBr (without PEG), the charac-
teristic diffraction peak shifted to 20 = 22.70°. The
characteristic diffraction peak of the Cel-Br (with
PEG) actuator was observed at approximately
20 = 23.39°, probably indicating the presence of
PEG. According to Bell et al. (2014), the XRD pattern
of PEG showed two peaks at 20 = 19.2° and 23.4°.
After Gr was loaded into CMC, the main characteristic

1000 -
——cCMC
——CMC-Br
800 ——CMC-Br-PEG
—_ —— CMC-Br-PEG-0.1Gr
g —— CMC-Br-PEG-0.2Gr
S 600 —— CMC-Br-PEG-0.3Gr
=
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£
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0 T T v T v T v 1
0 20 40 60 80

20 (degree)

Fig. 3 XRD patterns of the CMC-based actuators

2000 1500 1000 " 400.0

peak of Gr did not appear distinctly in the patterns of
Gr-loaded CMC—-Br samples. Namely, one can note
that the matrix effect still is dominant. Wojtoniszak
et al. (2012) indicated that the characteristic peak at
20 = 26.475° in graphite appeared. However, no peak
regarding Gr was observed in this range, as shown in
the XRD spectra of CMC-Br-0.1Gr, CMC-Br-0.2Gr
and CMC-Br-0.3Gr. This may be attributed to the
good dispersion of Gr into the CMC matrix. The
decrease in intensity and change in 260 values show that
anew type of crystallite was created in the amorphous
region (Jung et al. 2011).

Scanning electron microscope (SEM) analysis

The surface morphologies of CMC-Br—0.1Gr, CMC—
Br—0.2Gr and CMC-Br-0.3Gr films were investigated
by scanning electron microscope (SEM). The micro-
graphs of the samples are depicted in Fig. 4a—d.
Figure 4a shows that CMC particles were dispersed on
the nano and micro scales and distributed nearly
homogeneously in the BMIMBr and PEG mixture.
After Gr loading in the fractions of 0.1, 0.2 and
0.3 wt%, CMC particles could not be seen clearly
except for 0.1 wt% Gr loading. CMC particles were
well dispersed, and a homogeneous surface was
obtained (Fig. 4b). On the other hand, some
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agglomerated CMC particles were observed in the
higher Gr loadings. This may be due to the fact that
higher Gr loadings decreased the dispersion of CMC
particles in the mixture of BMIMBr and PEG.
Therefore, the surfaces of the Gr-loaded films were
rougher compared to the unloaded films (Fig. 4c, d).

Tensile tests

The weak characteristic of CMC-based films is a
major problem that limits the usage of films as an
actuator, because if the films are not strong enough,
they might be damaged when subjected to voltages or
not exhibit good actuation performance. Hence, this
problem should certainly be eliminated. In this con-
text Jung et al. (2011) pointed out that the addition of
graphene to the polymer may alter the static micro-
phase morphology of the polymer, resulting in
improved tensile strength accompanied by an increase
in strain.

50 ym
[YTEMAM

Young’s modulus or the modulus of elasticity, which
is used to characterize materials, can be defined as the
slope of the stress-strain curve in the elastic region.
Table 2 shows the effect of Gr loading on the tensile
strength and Young’s modulus values of CMC-
BMIMBr-based films. The tensile strengths of Gr-
loaded CMC-Br films were higher than those of
unloaded counterparts. Moreover, the tensile strengths
of Gr-loaded CMC-Br films increased with increasing
Gr content, and the highest tensile strength was found
for CMC-Br-0.3Gr. The tensile strength was increased
from 12.24 MPa for CMC-Br to 21.15 MPa for the
CMC-Br-0.3Gr. Thus, the tensile strength of CMC-Br
increased by about 72.8 % after a Gr of 0.3 wt% was
loaded. Our results showed a similar trend to those in the
study of Jung et al. (2011). Table 2 shows that Gr-
loaded CMC-Br films have higher Young’s modulus
values than CMC-Br film. Besides, the Young’s
modulus values for Gr-loaded CMC-Br films increased
continuously with increasing Gr content. For CMC-Br,

R I A L e— ] R —
00 x | ETD  Pa

9.8 mm | 2 5 IYTEMAM

D [mag O det
mm | 2500 |ETD 3 IYTEMAM

Fig. 4 SEM images of a CMC-Br, b CMC-Br-0.1Gr, ¢ CMC-Br-0.2Gr and d CMC-Br-0.3Gr films
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Table 2 Tensile test

Sample name
results of the CMC-based

Tensile strength (MPA)

Young’s modulus (GPa)

films CMC-Br
CMC-Br-0.1Gr
CMC-Br-0.2Gr
CMC-Br-0.3Gr

12.24 £ 0.42
15.68 &+ 0.31
18.45 £ 0.24
21.15 £ 0.47

0.24 £+ 0.05
0.28 £ 0.03
0.34 £ 0.01
0.42 £ 0.04

the Young’s modulus obtained was 0.24 GPa. After
0.3 wt% Gr was loaded into CMC-Br-PEG, the
Young’s modulus value increased to 0.42 GPa. In other
words, the increase in the Young’s modulus value was
about 75 % compared to that of CMC-Br films. These
results may be attributed to the significant mechanical
properties of Gr such as high tensile strength and high
Young’s modulus values (Nieto et al. 2012). Besides,
the large surface area of Gr suggests significant
improvement in the mechanical properties of the
nanocomposites (Ahmad et al. 2015).
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Electroactive properties

Electromechanical performances of Gr-loaded (0.1,
0.2, 0.3 wt%) CMC-Br films were studied under DC
excitation voltages of 1, 3, 5 and 7 V. The tip
displacements of the actuators were measured with a
contactless laser displacement measurement system.
The maximum tip displacement measurements were
performed at a distance of 110 mm from the fixed end
of the cantilever configuration. The time responses of
the tip displacement of the samples are given in Fig. 5.
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Fig. 5 The time responses of the tip displacement of the a CMC-Br, b CMC-Br-0.1Gr, ¢ CMC-Br-0.2Gr and d CMC-Br-0.3Gr

actuators
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Fig. 6 Maximum tip displacement of gold-coated actuators
with different Gr loadings

All acquired response curves are in an exponential
form and have no back relaxation. Therefore, the final
value of the tip displacements were considered the
maximum tip displacement values of the actuator
samples. These maximum values, given in Fig. 6 and
Table 3, were used to evaluate the electromechanical
performances of the actuator.

When the best performances of the actuator sam-
ples (the highest value in each row of Table 3) are
considered, it can be seen that Gr loading increased the
maximum tip displacement with respect to the
unloaded actuator sample. The CMC-Br and CMC-
Br—0.2Gr actuator samples have similar characteris-
tics. Their maximum tip displacements increased
when the excitation voltage increased from 1 to 5 V,
but decreased when the excitation voltage increased
from 5 to 7 V. It should also be noted that significant
tip motions were observed for these two actuators at
7-V excitation voltage. On the other hand, Fig. 6
shows that the actuator sample with 0.2 wt% Gr
loading has a very similar maximum tip displacement
versus tip displacement curve to the unloaded actuator.

There are few studies on the maximum tip displace-
ment of cellulosic films produced by dissolving
cellulose and/or carboxymethylcellulose in BMIMBr
ionic liquid, which makes direct comparisons with the
our work challenging. Most of the fabrication

parameters, i.e., type of ionic liquid, coating materials
and coating method of the electrodes, and applied
voltages in other studies differ significantly from our
study. Sen et al. (2015) performed a similar study on
IPMC actuators. They found that the maximum tip
displacement of actuators increased with graphene
loading up to 0.2 wt%. Besides, the maximum tip
displacement of cellulose-based actuator containing
graphene particles with fraction of 0.25 wt% was
observed as 2.2 mm under DC voltage of 3 V. On the
other hand, the maximum tip displacement of their
actuators was determined as 0.5 mm under DC voltage
of 5 V. When the maximum tip displacements in all
voltages are considered, our current actuator has better
characteristics than the actuators prepared by Sen et al.
(2015) under DC voltages of 1, 5and 7 V.

Eventually, the experimental results showed that the
Gr loading into CMC-based samples improved the
actuator performances. The highest improvement in
maximum tip displacement was observed for CMC—
Br-0.1Gr and CMC-Br-0.3Gr at approximately
100 % at excitation voltage of 3 V. When the actuators
were excited with 5 V, it was observed that 0.2 wt% Gr
loading increased the maximum tip displacement by
about 15 % compared to the unloaded actuator.

Conclusion

In this study, CMC—Br-based actuators were fabri-
cated using CMC, BMIMBr and PEG. The electrome-
chanical behaviors of CMC-Br-based actuators were
determined through a series of experiments. In order to
improve the electromechanical behavior, three differ-
ent weight percentages of Gr were loaded into the
CMC-Br films. The mechanical, thermal and chemical
characterizations of CMC-Br—Gr-based films were
performed. It was observed that the tensile strength and
Young’s modulus values increased continuously with
increasing Gr content. Loading BMIMBr, PEG and Gr
into CMC affected the chemical structure of CMC and

Table 3 Maximum tip

) Sample name 1V 3V 5V Y%
displacement of the CMC-
based actuators (mm) CMC-Br 0.38 £ 0.11 0.75 £ 0.14 2.75 £0.23 0.83 £ 0.18
CMC-Br-0.1Gr 1.00 £ 0.35 1.38 £ 0.21 0.56 £ 0.26 0.63 £ 0.38
CMC-Br-0.2Gr 0.24 £ 0.19 1.31 £ 0.34 3.15+£0.22 1.06 £ 0.33
CMC-Br-0.3Gr 0.18 £ 0.09 1.52 £ 0.30 1.11 £ 0.29 0.23 £ 0.11
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caused the formation of new bands. XRD analysis
showed that the main characteristic peak of Gr was not
seen clearly in the Gr-loaded actuators. Considering
the thermal characteristics, it can be inferred that Gr
loading into CMC-based actuators increased the ther-
mal decomposition residues observed because of the
nonvolatile carbonaceous material. Besides, there was
no significant effect of Gr loading on the maximum
decomposition temperature. When actuator responses
to electrical stimuli were considered, it was observed
that the loading of 0.2 wt% Gr into CMC-Br increased
the maximum tip displacements of the CMC-Br
actuator by about 15 % for an excitation voltage of
5 V. Moreover, the loadings of 0.1 and 0.3 wt% Gr into
CMC-Br increased the maximum tip displacements of
the CMC-Br actuator by about 100 % for an excitation
voltage of 3 V.
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