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Abstract: Current ionic polymer-metal composite (IPMC) always proves inadequate in terms of large
attenuation and short working time in air due to water leakage. To address this problem, a feasible
and effective solution was proposed in this study to enhance IPMC performance operating in air
by doping polyethylene oxide (PEO) with superior water retention capacity into Nafion membrane.
The investigation of physical characteristics of membranes blended with varying PEO contents
revealed that PEO/Nafion membrane with 20 wt% PEO exhibited a homogeneous internal structure
and a high water uptake ratio. At the same time, influences of PEO contents on electromechanical
properties of IPMCs were studied, showing that the IPMCs with 20 wt% PEO presented the largest
peak-to-peak displacement, the highest volumetric work density, and prolonged stable working time.
It was demonstrated that doping PEO reinforced electromechanical performances and restrained
displacement attenuation of the resultant IPMC.

Keywords: ionic polymer-metal composite; polyethylene oxide; water content; polyethylene oxide
content; electromechanical properties

1. Introduction

Tremendous efforts have been made to develop ionic polymer-metal composites
(IPMCs) as soft actuators based on their inherent flexibility, light weight, and biological
compatibility [1-4]. IPMCs, typically composed of polymer electrolyte sandwiched between
noble metal electrodes, show large deformation with fast response at relatively low electrical
excitation (usually less than 10 V) [5,6]. Because of these advantages, IPMC actuators are
drawing increasing interest for applications in bionic robotics, biomedical fields, and
artificial muscles [7,8].

In water-based IPMC actuators with appropriate solvent contents, water molecules
bounded with counter-ions would migrate quickly to the cathode by applying an electric
field between metal electrodes [9]. The migration and redistribution of water molecules
contribute to the bending deformation of IPMC, as illustrated in Figure 1 [10]. It is obvious
that water molecules are crucial to the actuation performance of IPMCs [11-13].

However, water molecules would leak from cracks in metal electrodes because of
electrolysis as well as the evaporation of water when operated in air, which would sig-
nificantly influence the actuation process and reduce the lifetimes of water-based IPMC
actuators [14]. Therefore, increasing studies have been carried out to improve the cycling
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life of IPMC actuators with stable performance. Many kinds of polymer materials such as
polydimethylsiloxane (PDMS), dielectric gel, and parylene were employed to encapsulate
IPMC in order to reduce water leakage [15-17]. Although these hydrophobic coatings
can help achieve a longer working time in air, the bending deformation was restrained
due to this additional load. Chung et al. fabricated IPMC actuators with silver (Ag) sheet
coated with a Ag nano-powders membrane [18]. As the good adhesion between the Ag
electrodes and Ag-Nafion membrane can effectively prevent cracks of the actuator, the loss
of water was significantly reduced and the IPMC actuator presented large displacement.
Nevertheless, the high elastic modulus of the electrode still limited the blocking force of the
IPMC actuator to less than 2.2 mN under 3 V. Moreover, in order to achieve stable actuation
performance of IPMC, water was considered to be replaced by high boiling point solvents,
such as ionic liquid and ethylene glycol (EG) [19,20]. However, the response speed of IPMC
became rather low because of the high viscosity of the solvent. Polyethylene oxide (PEO) is
a promising candidate for water retention material due to its unique ether-oxygen bond
(-C-C-O-C-C-O-) structure and hydrogen properties [21-25]. These features are in favor
of the formation of consecutive ion migration microchannels inside the membrane doped
with PEO [26-28].
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Figure 1. Illustration for ionic migration and deformation of IPMC.

Herein, a new low-cost IPMC actuator with Nafion doped with PEO asmatrix was
developed to have long stable working time in air and improved actuation performance.
This PEO/Nafion-IPMC actuator can not only promote migration of hydrated cations, but
also can increase the water content because of its consecutive microchannels. A series of
evaluative methods are employed for morphology, water-retaining capacity, ionic exchange
capacity (IEC), electromechanical properties of the PEO/Nafion membrane, and resultant
IPMC. Strikingly, PEO/Nafion-IPMC actuator shows optimal electromechanical perfor-
mances and a long stable lifetime in air, which is expected to be applied to bionic robotics
at a low cost.

2. Experiments
2.1. Experimental Materials

The Nafion solution (DE-520, ~5.0 wt%) was obtained from DuPont Company (Wilm-
ington, DE, USA). PEO, Pd(NH3)4Cl,, NaBHy, NoHy-H,O, and ethylene glycol (EG) was
purchased from Sigma-Aldrich (St. Louis, MO, USA), with the PEO having a viscosity-
average molecular weight of 200 k. All of the reagents were analytically pure and used
without further purification.
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2.2. Preparation of PEO/Nafion Membrane

A certain amount of PEO, EG, and DI water was added into a round-bottom flask
and stirred for 2 h; after that, Nafion solution was poured into the flask and stirred for
another 4 h. The uniform mixture was transferred into a poly(dimethylsiloxane) (PDMS,
Sylgad184) container (40 mm X 60 mm x 40 mm) and treated at 70 °C in an oven to form
PEO/Nafion membrane. Then the membrane was processed at 100 °C and 120 °C for 2 h,
respectively, followed by annealing treatment at 150 °C for 0.5 h. The blending membranes
were obtained with a PEO weight fraction of 0 to 30 wt%. The sizes of PEO/Nafion
membranes were 60 mm x 40 mm X (290 & 10) um under dry state. The composition of
the casting solutions and membranes is summarized in Table 1.

Table 1. Composition of the casting solutions for PEO/Nafion blending membranes.

PEO Content Nafion (aq) PEO (s) DMEF () H,O ()
0 wt% 26.250 g Og 63g Og
10 wt% 23.625¢g 0.1313 g 63g 24%¢g
20 wit% 21.000 g 0.2625 g 63g 4988 g
30 wt% 18375 g 0.3940 g 63g 7480 g

2.3. Fabrication of IPMCs

The PEO/Nafion-IPMCs were prepared via the impregnation-reduction method,
which has been described in detail in the [10]. First, the PEO/Nafion membranes were
roughened by sandpaper (class 1200) and boiled in acid solution (2 mol/L HCI) and the
deionized water, respectively. Then the palladium electrode was preliminarily painted on
both sides of the membrane for 3 times and then chemically plated for 2 times. Finally, the
IPMCs were obtained and soaked in 0.2 mol/L HCI for 2 times (2 h each time) to exchange
the cations in the membrane with H* cation. In order to acquire the actuation capability,
the IPMCs were immersed in 0.2 mol/L NaOH solution for 2 times (2 h each time) to
absorb Na* as mobile ions. Later, IPMCs were cut into small pieces with 35 mm x 5 mm
x (320 £ 10) um under hydrated conditions for testing the performances. Images of the
samples are shown in Supplementary Materials Figure S2 (Supporting Information).

2.4. Characterizations
2.4.1. Characterizations of PEO/Nafion Membranes

In order to reveal the regularity inside the PEO/Nafion membrane, a field emission
scanning electron microscope (FE-SEM, Zeiss GenimiSEM 500) was used to observe the
cross-sectional morphologies of IPMC samples.

Aiming to detect the water-uptake ratio (WUR), the samples were placed in DI water
for 24 h; before the saturated samples were weighed and recorded as My, (g), water on
the surface was carefully wiped off with filter paper. Next, the mass of the samples under
dry condition was recorded as M, (g), immediately after drying at 100 °C for at least 24 h.
The WUR (w) of each sample was calculated according to the following Equation (1):

Muet — M,
w (%) = %‘W % 100%, )
ry

The ionic exchange capacity (IEC) defined as Equation (2) was investigated via the acid-
base titration method with NaOH (aq) and HCI (aq), which is described in detail in the
Reference [10].

1EC — YNaoH X NNaOH (

meq/g), 2)

Mypembrane
where Vn,on and Nnaop are the volume (mL) and the normality (mol) of NaOH (aq),
respectively, and 1,,¢1prane is the mass (g) of the membrane. To reduce experimental error,
at least three sets of experiments were carried out.
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2.4.2. Electromechanical Test of IPMCs

The equivalent stiffness of the IPMC sample was characterized by adopting the free
oscillation attenuation method [6]. Each specimen was measured in the wet state within
2 min. The equivalent stiffness (E) can be described by Equation (3), which is derived from
the Euler—Bernoulli beam theory.

27 szzl3 m2mf213
E= (352) i —3.877]“3 , (3)

where m is the quantity (kg) of the free end in the configuration, f is the natural frequency
(Hz), I is a moment of inertia (m*), d is the measuring distance (m), /, i, and t are the free
length (m), the width (m) and the thickness (m) of the specimen, respectively.

Actuation performances were represented by detecting the deformation and blocking
force of IPMCs with the same experimental facilities described in the Reference [10]. The
test platform is shown in Supplementary Materials Figure S1 (Supporting Information) [5].
The sample was fastened by a gold-plated copper clamp on one side with a free length of
30 mm. The measuring points of all the samples were 20 mm away from the fastened end.
All the experiments were performed in the air. At least three parallel specimens per group
were tested, and the relative standard deviations of each group were no more than 20%.

3. Results and Discussion
3.1. Influences of PEO Content on the Properties of the PEO/Nafion Membranes

Figure 2 shows cross-sectional SEM morphologies of the Nafion membranes with
PEO of varying content. Without PEO added to the Nafion solution, the cross-section
of the membrane was typically smooth (Figure 2a). It can be seen from Figure 2b,c that
internal morphologies of the membranes blended with PEO content of 10 wt% and 20 wt%
were basically smooth with only several wrinkles, which were rather similar to that of
the pure Nafion membrane. It was this homogeneous internal structure that contributed
to the excellent electromechanical performance for the resultant IPMC. Whereas PEO
content increased, morphologies of the blended membranes changed significantly. As PEO
content rose to 30 wt% (Figure 2d), a large number of holes appeared in the PEO/Nafion
membranes, which might be explained by phase separation with the Nafion matrix. It
indicated that compact and uniform internal structure could not form in the membrane
with excess PEO, which might be a disadvantage for electromechanical performances of
resultant IPMCs.

According to the Grotthus ‘hopping’ theory and vehicle mechanisms, WUR and
IEC are essential factors dramatically affecting the hydrated cation migration in Nafion
membranes in terms of mechanical strength and actuation property of the resultant
IPMCs [29,30]. Figure 3a presents that WUR values of the PEO/Nafion membranes were
significantly increased with the addition of PEO. This result can be explained by the fact
that water retention capacity of PEO is superior to that of Nafion. In addition, the blended
membrane with 30 wt% PEO exhibited a high WUP (39.54%), which was nearly 3 times that
of the pure Nafion membrane (13.40%). Therefore, the resultant PEO/Nafion-IPMCs could
present better electromechanical properties. The IEC of blended membranes gradually
decreased as the PEO content rose (Figure 3b). The average IEC value of the specimen with
30 wt% PEO content reduced to 0.63 mmol-g~!, which was about 67 percent of the value
of the pure Nafion membrane (0.94 mmol-g’l). This result can be explained by that PEO
has little capacity for ion exchange. Therefore, that would reduce the IEC of the membrane
by replacing Nafion with PEO. However, this result might hamper the electromechanical
property of resultant IPMCs.
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Figure 2. The cross-sections of Nafion membranes with PEO contents of (a) 0 wt%, (b) 10 wt%,
(c) 20 wt% and (d) 30 wt%, respectively.
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Figure 3. WUR (a) and IEC (b) of Nafion membranes with varying PEO contents.
3.2. Influences of PEO Content on the Properties of the PEO/Nafion-IPMCs

As a principal element of the actuation performance, equivalent stiffness of IPMCs
with varying PEO contents was detected and is shown in Figure 4. It was observed that the
equivalent stiffness of IPMCs dropped with the addition of PEO, with a similar tendency to
that of IEC in PEO/Nafion membranes. The IPMCs with 30 wt% PEO presented the lowest
equivalent stiffness in all specimens (147.49 MPa), which was approximately 78 percent
of the value of the pure Nafion-IPMC (189.76 MPa). This result would be unfavorable for
improving the blocking force of IPMCs, but helpful to bending deformation.

The deformation performance is one of the most important factors in evaluating the
electromechanical performance of IPMC. Figure 5 records the peak-to-peak displacement of
the PEO/Nafion-IPMC actuators under DC voltage with the amplitude of 2 V within 25 s.
Obviously, doping PEO in the Nafion membrane dramatically affected the displacement
property. Figure 6 reveals that the peak-to-peak displacements of all the PEO/Nafion-
IPMCs were larger than those of the pure Nafion-IPMC due to higher WUR and lower
equivalent stiffness of the PEO/Nafion membrane. It can be noticed that the average peak-
to-peak displacement of PEO/Nafion-IPMC with 20 wt% PEO reached up to 11.00 mm,
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which was almost twice as large as that of the pure Nafion-IPMC (5.62 mm). This result
indicated that the IPMC with a PEO content of 20 wt% presented the optimal deformation
property from a comprehensive effect of appropriate WUR, IEC, equivalent stiffness, and
homogeneous internal structure. However, a further increase in PEO content resulted in
decreasing the peak-to-peak displacement of PEO/Nafion-IPMC, which might be due to
complicated aspects, such as low IEC, a lack of counterions, or loose internal structure.

220
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Figure 4. Equivalent stiffness of PEO/Nafion-IPMC with varying PEO contents.
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Figure 5. Peak-to-peak displacement of PEO/Nafion-IPMC with varying PEO contents.
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Figure 6. Amplitude-frequency response of PEO/Nafion-IPMC with varying PEO contents.

Figure 6 exhibits amplitude-frequency response of the deformation of the IPMCs
under sinusoidal voltage with an amplitude of 2 V. It was confirmed that doping PEO could
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enormously enhance the deformation property of the resultant IPMCs, compared with the
pure Nafion-IPMC. It also can be seen that the displacement of the specimens fell sharply
while the excitation frequency rose. This result can be explained that counter ions in IPMC
failed to accommodate the voltage variation [31]. Furthermore, these results followed the
same tendency as the peak-to-peak displacement, which confirmed that the PEO/Nafion-
IPMCs with PEO content of 20 wt% had the optimal effect on the deformation performances.

The peak-to-peak blocking forces of the IPMCs with PEO contents of 0 wt%, 10 wt%,
20 wt%, and 30 wt% are presented in Figure 7. It can be seen that the blocking force, unlike
the displacement of PEO/Nafion-IPMC, declined sharply with the addition of PEO in
the Nafion matrix in comparison with the pure Nafion-IPMC. The average peak-to-peak
blocking force of the pure Nafion-IPMC was 6.47 mN, while that of the PEO/Nafion-IPMC
with 30 wt% PEO was as low as 4.73 mN. The results may be due to such impacts as
the lower IEC, fewer counter ions, and significantly reduced equivalent stiffness with the
addition of PEO.

Force/mN

=

0% 10% 20% 30%
PEO content

Figure 7. The peak-to-peak blocking force of PEO/Nafion-IPMC with varying PEO contents.

The displacement and blocking force of IPMCs varied dramatically according to
the sample dimensions. The volumetric work density (Wp) was calculated from the
performance parameters and size of IPMCs by using the following Equation [32]:

2d  Fé

"o =i e @)

where d is the measuring distance, & is the width, ¢ is the thickness, J and F are the peak-to-
peak displacement and blocking force under 2 V DC voltage of the IPMCs, respectively.
The volumetric work density values of PEO/Nafion-IPMCs are summarized in Table 2. It
can be observed that compared with the pure Nafion-IPMC, PEO/Nafion-IPMCs exhibited
higher volumetric work density. Notably, the IPMC specimen with 20% PEO showed
the highest volumetric work density of all, which demonstrated the optimal actuation
performance. Although the volumetric work density value of the IPMC with 20 wt% was
quite close to the value of the 10% sample, the former showed more advantages in higher
WUP and less cost. As summarized in Supplementary Materials Table S1 (Supporting
Information), the displacement and blocking force are higher than those of other types
of bending actuator, at a 2 V DC voltage as well as 0.1 and 1 Hz square-wave activation
for PEO/Nafion-IPMC with 20 wt% PEO [2,33-37]. However, the blocking force of IAEP-
IPMC [2] is higher than that of PEO/Nafion-IPMC, as a result of the high-quality metal
electrodes of the former actuator fabricated via the isopropanol-assisted electroless plating.
Nevertheless, the PEO/Nafion-IPMC with 20 wt% PEO exhibits a large deformation and
fast response, the outstanding integration of which makes the IPMC actuator a promising
candidate for actuation applications.
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Table 2. Volumetric work density values of PEO/Nafion-IPMCs with varying PEO contents.

Sample 0% 10% 20% 30%
Wb
0.60 0.87 0.88 0.69
(KJ/m?)

In order to evaluate the stability of actuation performance over the time in air, a valid
working time in air was introduced and recorded as t,, which was defined as the time
when it is larger than half of the peak value. The displacement attenuation curves of IPMCs
under sinusoidal voltage of 2 V amplitude and 0.1 Hz frequency, are recorded in Figure 8.
It can be seen that the deformation of IPMC increased first and then decreased with time
in air, due to changes in electromechanical parameters resulted from water leakage. It is
evident that t;, of the pure Nafion-IPMC and PEO/Nafion-IPMC with 20 wt% PEO was
651 s and 863 s, respectively, with a difference of 33% increase. Therefore, after doping PEO
in the Nafion matrix, IPMCs presented enormously enhanced displacement and prolonged
lifetime in air.

o .\.00~PEO/Nafion-|PMc

£
()
2 b
D Of P = 8635 ey |
E — s 7 Wm0 e
S
§_ 3k . g
o |l 651 | Nafion1Pve
ofe .
0 500 1000 1500

Time/s
Figure 8. Displacement attenuation curves of IPMCs with 20 wt% PEO and pure Nafion.

4. Conclusions

The traditional Nafion-IPMC presented smaller deformation and larger attenuation,
due to water leakage and low WUR. To address these problems, a high WUR and flexible
PEO/Nafion-IPMC were successfully prepared by doping PEO in the Nafion matrix. A
series of methods were employed to demonstrate the PEO/Nafion membrane blended with
uniform internal structure and high WUR. Importantly, it was verified that the resultant
PEO/Nafion-IPMCs with 20 wt% PEO exhibited an increased peak-to-peak displacement,
nearly twice that of the pure Nafion-IPMC, a remarkably enhanced volumetric work
density, and a significantly prolonged valid working time in air. Although the addition
of PEO caused a decrease in IEC and blocking force of the specimen, this study provides
a novel and effective solution to reinforce electromechanical property and to restrain
displacement attenuation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /polym14010080/s1, Figure S1: (a) Schematic of the experimental
set-up. (b) Visual representation of the platform, Figure S2: Images of the IPMC samples, Table S1:
Displacements and blocking forces of different bending actuators.
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