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Abstract

For the first time, we report ion-exchange membranes based on Nafion and polyimide (PI,
Kapton) blends to fabricate ionic polymer—metal composites (IPMCs). Polyamic acid [PAA,
poly(pyromellitic dianhydride-co-4,4’-oxydianiline), as a precursor of PI] solution was blended
with Nafion solution using physical blending method to provide PAA—Nafion blend membrane.
This work demonstrates that, by simple physical blending method, the thermal and mechanical
properties of Nafion can be improved while maintaining the excellent actuating performance.
After thermal imidization, PAA converted into PI, resulting in PI-Nafion blend membrane.
Optimum conditions to cast PAA—Nafion blends and thermal imidization have been established,
and blend membranes with Pl wt% of 6, 12, 18, and 30 were prepared. Fourier transform infrared
spectroscopy confirmed the incorporation of PI in the Nafion matrix. Thermal decomposition
unique to the PI became more noticeable as the content of PI increased, which was measured by
thermogravimetric analysis. Dynamic mechanical analysis showed that the storage modulus (E’)
increased as a function of PI content while loss modulus (E”) exhibited only a minor change,
which resulted in the decrease in the damping properties (tan 6). The blend membranes were
fabricated into IPMCs by deposition of platinum electrode onto the membrane surface through
electroless plating process. Among tested, NPI-18 IPMC actuator, which has 18 wt% of PI in
Nafion, showed comparable electromechanical performance to the commercially available
Nafion 117 IPMC actuator.

Keywords: ionic polymer—-metal composite, Nafion, polyimide, polymer blends, electromecha-
nical performance

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

1. Introduction

Ionic polymer-metal composite (IPMC) is a synthetic
composite that typically consists of an ionomeric membrane
(ion exchange membrane) plated with thin layers of noble
metal electrode, such as platinum (Pt) or gold on both sides
[1]. IPMC is a unique active (smart) material which is a type
of electroactive polymer (EAP). There are many types of

3 Authors to whom any correspondence should be addressed.
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EAPs such as ionic polymer gel [2-5], dielectric elastomer
[6, 7], carbon nanotube films [8], graphene electrode [9],
IPMCs [10-12], etc. Among these EAPs, IPMCs have
drawn enormous research interest over the past two decades
due mainly to its flexibility since they use polymers as base
materials, low operating voltage (less than 5 V), high strain
rate, and the ability to operate in water [1, 13]. These
properties made IPMCs an attractive research subject for
use in underwater robotic applications [14, 15], fluid flow
sensor applications [16], biomedical and biomimetic

© 2017 IOP Publishing Ltd  Printed in the UK
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application such as artificial muscles [17-19], space utili-
zation [20], and more.

Ion exchange membrane is a fundamental base material
for IPMC fabrication and an essential component that largely
influences the performance of IPMCs. Among numerous
commercially available ion exchange membranes, Nafion has
been and still is the most widely used ion exchange mem-
brane material for IPMCs [21-23] owing to its advantages
such as high proton conductivity, commercial availability,
and good chemical stability [24, 25]. Although Nafion-based
IPMC actuators show good performance under low operating
voltage, there are some drawbacks of Nafion that restrict its
applications: reduced performance above 80 °C, high cost,
low storage modulus, and so on [26, 27]. Many attempts have
been done to lower the manufacturing cost by replacing
Nafion [23, 28], however they have only been partially suc-
cessful. In addition, there have been some studies done with
nanoparticles, such as layered silicates or carbon nanotubes,
which can dramatically improve thermal stability and
mechanical performance compared to Nafion-based IPMC
actuators [29-31]. It is still imperative to continue to explore
new ionic polymers with improved properties to be used in
high performance IPMC actuators.

The major objective of this study is to develop ionomers
with better thermal properties compared to Nafion. Instead of
undergoing lengthy chemical synthesis processes to develop
new ionomers, we chose a simple, fast, and effective physical
blending of Nafion with polymeric blending partner, polyimide
(PI, Kapton), with complimentary properties. Since Kapton has
been known for its superior thermal and mechanical properties,
improved thermal property was highly expected with successful
incorporation of the PI. However, the preparation of Nafion/
Kapton blend was very challenging since Kapton is insoluble
and intractable. Therefore, blend membrane of Nafion and poly
(amic acid) (PAA) precursor was prepared which was imidized
thermally to produce Nafion/Kapton blend. Obtaining homo-
genous Nafion/PAA blend membranes were very sensitive to
casting condition. We evaluated various casting conditions to
obtain high quality blend membranes. Chemical structure and
thermal properties of blended membranes were investigated by
Fourier transform infrared spectroscopy (FT-IR) and thermo-
gravimetric analysis (TGA), respectively. Dynamic mechanical
tests were carried out to characterize the mechanical properties
of membranes. Cross-sectional morphologies of fabricated
IPMCs were characterized by scanning electron microscopy
(SEM). In addition, electromechanical performances of the
IPMCs were investigated in terms of voltage, current, dis-
placement (or blocking force) responses, and temperature under
alternating current (AC) or direct current (DC) voltages. In this
paper, PI and Kapton will be expressed interchangeably.

2. Experimental

2.1. Materials

Poly(pyromellitic dianhydride-co-4,4"-oxydianiline), amic acid
solution (11 wt% £ 5wt% in NMP/aromatic hydrocarbons

(80/20% solvent ratio)) was purchased from Sigma-Aldrich.
Alcohol-based Nafion dispersion (5 wt%) and NMP were pur-
chased from DuPont™ and TCI, respectively, and were used
for the preparation of blend membranes. Tetraammineplatinum
(D) chloride hydrate (Pt(NH3)4Cl,-xH,0), ammonium hydro-
xide (NH4OH), and sodium borohydride (NaBH,) were pur-
chased from Sigma-Aldrich and used for Pt plating. Hydrazine
monohydrate (H,NNH,-H,O) and hydroxylamine hydro-
chloride (H,NOH-HCI) were purchased from Sigma-Aldrich
and used as the reducing agents. Lithium chloride (LiCl) was
purchased from Sigma-Aldrich. Deionized (DI) water was used
to clean the membrane and to prepare IPMCs.

2.2. Preparation of membrane

The membrane of Nafion was provided by a solution casting of
30ml of Nafion dispersion (d: 0.87 gml ') in a polystyrene
mold (r = 3.0 cm, 1.9 depth) at 50 °C overnight. PI membrane
was provided by solution casting of 12 ml of poly(pyromellitic
dianhydride-co-4,4"-oxydianiline), amic acid solution (d:
1.066 gml*l) in aluminum foil mold (» =2.3cm, 1.27 cm
depth) at 85 °C overnight.

Blend membranes of Nafion and PAA were prepared by
a solution casting of 21 ml of mixed Nafion solution (5 wt%)
with PAA/NMP solution (1.26 wt%) through the following
procedures. First, 11 wt% PAA solution (5.33 g, Sml) and
NMP (41.36 g, 40 ml) were added in a 100 ml beaker and
stirred at room temperature for 1h. This 1.26 wt% PAA
solution (amount of PAA solution used for samples, NPI-6:
3.7ml, 0.044g, NPI-12: 6.6ml, 0.086g, NPI-18: 8.8 ml,
0.115 g, and NPI-30: 4.3 ml, 3.9 g) was mixed with 5 wt%
Nafion (amount of Nafion solution used for samples, NPI-6:
17.3ml, 15.05 g, NPI-12: 14.4 ml, 12.53 g, NPI-18: 12.2 ml,
10.61 g, and NPI-30: 10.5ml, 9.1 g) and the mixtures were
stirred at 70 °C for NPI-6 (due to small amount of NMP) and
room temperature for NPI-12, NPI-18, and NPI-30 for 1 h.
Then, NPI-6, NPI-12, and NPI-18 were stirred at 60 °C
overnight to evaporate solvent in a 50 ml beaker covered with
Kimwipes® to prevent dust contamination. In the case of NPI-
30, temperature was set to 50 °C since less solvent needed to
be evaporated. The solutions were cooled to room temper-
ature. None of the solutions precipitated, so each solution was
poured into an aluminum foil mold. The mold was placed in a
desiccator connected to house vacuum and bubbles were
removed for 10-20 min before casting. For samples NPI-6,
NPI-12, and NPI-18, the mold was placed on a hot plate and
was heated at 85 °C overnight. For NPI-30, the mold was
placed in an oven at 70 °C for 2 days, since the same con-
dition as other blends produced a very brittle film. The cast
membranes were carefully taken out of the molds and then
placed in vacuum oven at 180 °C for 12 h to obtain Nafion/PI
blend membranes through thermal imidization.

2.3. Fabrication of IPMCs

The membranes were sanded with sandpaper (800 and 1000
counts) to deposit more Pt particles onto the inner surface by
increasing the surface area. It also helps increase the contact
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Figure 1. (a) Chemical structures of Nafion, PAA, and PI and (b) schematic illustration of the preparation of Nafion/PI blend membranes

using a precursor polymer method.

Figure 2. Photographs of Nafion, NPI-6, NPI-12, NPI-18, and NPI-30 (left to right). NPI membranes are after thermal imidization (condition:

180 °C, 12 h in vacuum). Film size = 1.0 x 1.0 cm>.

Table 1. Detailed composition of materials used in the prepared samples after casting.

wt% ratio Total amount of PI Total amount of Nafion
Samples (PI: Nafion) (mg cm 2 (mg cm ?) Casting condition Thickness (um)
Nafion 0:100 — 46.3 50°C,5h 340
NPI-6 6:94 3.01 452 85 °C, overnight 278
NPI-12 12 : 88 542 38 85 °C, overnight 285
NPI-18 18 : 82 7.22 31.9 85 °C, overnight 290
NPI-30 30:70 11.7 27.4 70 °C, 2 days 310
PI 100 : 0 38.6 — 85 °C, overnight 350

area of polymer and electrode. Sanding needs to be done in
the direction perpendicular to the bending direction of the
IPMC. After sanding, all membranes were cleaned to remove
impurities before progressing to the primary plating process.
Membranes were cleaned in 3 wt% H,0, solution at 70 °C for
40 min, 1 M H,SO, aqueous solution at 60 °C for 40 min, DI
water at 70 °C for 40 min, 1 M H,SO, aqueous solution at
60 °C for 40 min, followed by cleaning in DI water at 40 °C
for 40 min.

The next step, primary plating is an impregnation-
reduction process on the roughened inner surface of the

membranes. Membranes were soaked in 0.02M Pt (II)
salt solution for 3.5 h and rinsed with DI water several times.
To metalize the surface of the membranes, they were
immersed in 350 ml aqueous solution containing NH,OH
(0.3 ml) and NaBH, (0.2 g) at 60 °C for 2 h and then NaBH,
(0.2 g) was added every 30 min. Membranes were cleaned in
1 M H,S0, aqueous solution at 60 °C for 40 min, DI water
at 70 °C for 40 min, 1 M H,SO,4 aqueous solution at 60 °C
for 40 min, followed by cleaning in DI water at 40 °C for
40 min. The primary plating procedure was repeated three
times.
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The secondary plating was processed to develop Pt on
the outer surface of the membrane, on top of the inner Pt
layer, to reduce the surface resistance of the electrode.
The membranes were soaked in 350ml of aqueous
solution containing Pt (II) salt (0.2 g) and two reducing
agents, 20 wt% H,NNH,-H,O solution (1 ml) and 5 wt%
H,NOH-HCI solution (2 ml) at 50 °C for 1 h and then 60 °C
for 3 h. The reducing agents were added every 30 min for
4h. Then, the composites were cleaned in 1M H,SO,4
aqueous solution at 60 °C for 40 min, DI water at 70 °C for
40 min, 1 M H,SO,4 aqueous solution at 60 °C for 40 min,
followed by cleaning in DI water at 40 °C for 40 min. If the
resistance is greater than 10-15Qcm ™', the entire proce-
dure should be done up to two times. After all the process
was done, the membranes were placed in 1 M LiCl solution
overnight in order to replace protons with lithium ions. The
layers of Pt were successfully plated on to the surfaces of the
membranes without cracks.

2.4. Characterizations

FT-IR spectra were obtained using IRTracer-100 (Shimadzu)
equipped with an attenuated total reflectance accessory
(MIRacle™, PIKE Technologies) to characterize the chemi-
cal structures of membranes. Thermal properties were inves-
tigated by TGA (Q500, TA instruments). The cross-section
morphology and thickness of the IPMCs were measured using
SEM (TM3030, Hitachi) at 15 kV. The samples were molded
with epoxy and carefully polished, and then sputter-coated
with Pt. In order to characterize the mechanical properties of
the prepared membranes, dynamic mechanical analysis
(DMA) experiment was carried out using Pyris Diamond
DMA (Perkin-Elmer) with Seiko Instruments Inc., analysis
program. The DMA frequency range was from 0.01 to 20 Hz
and performed at room temperature. The electromechanical
responses including displacement and blocking force of the
prepared IPMCs were measured by a laser displacement
sensor (optoNCDT-1401, Micro-Epsilon) and a load cell
(GSO-30, Transducer Techniques) with a sample size of
0.5 x 2.5cm” in the test setup composed of a signal gen-
erator (FG-7002C, EZ digital), a power amplifier (LVC-608,
AE Techron), a DC power supply (CPS250, Tektronix), and
DAQ (SCB-68, National Instruments). IPMC was clamped in
a cantilever configuration in water with a free-length of
2.2cm. The displacement was monitored at a position of
2.0cm away from the clamp contacts. The voltage, current
and displacement (or blocking force) responses were recorded
using data acquisition system (LabView 8, National Instru-
ments). The temperature-dependent displacement of prepared
IPMC actuators was measured at every 10 °C with from 20 °C
to 90 °C in DI water bath. In order to increase the temperature
of DI water bath, an electrical heater and a thermostat (ITC-
308, Inkbird) were used under magnetic stirring (60 rpm) to
maintain the uniform temperature of DI water bath.

Treated
(P1)

Transmittance (%)

L]
2000 1800 1600 1400 1200 1000 800
Wavenumber (cm'1)

Figure 3. FT-IR spectra of PAA film (before thermal treatment) and
PI film (after thermal treatment) (condition: 180 °C for 12 h under
vacuum).
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Figure 4. FT-IR spectra of Nafion, NPI-6, NPI-12, NPI-18, NPI-30
and PI. All the spectra were normalized to have same intensity at
1207 cm ™.

3. Results and discussion

The process to prepare Nafion/PI blend film using a precursor
polymer is illustrated in figure 1. First, PAA in NMP was
mixed with Nafion in ethanol/water. To prevent PAA from
precipitating, the concentration of PAA in NMP was kept
between 1.2 and 5 wt%. In addition, the content of NMP in
the mixed solution was kept above 18vol%. Then, the
Nafion/PAA film was prepared by a solution casting. Finally,
the film was thermally imidized to form Nafion/PI blend film.
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of samples at 10 Hz are shown in (d).
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Figure 7. Photographic images of the fabricated IPMCs using (a) Nafion 117, (b) NPI-18, and (c) NPI-30.

The key issues were to produce homogeneous blend films of
Nafion/PAA without macroscale phase separations and
maintain the integrity of film after the thermal imidization.
Based on the conditions described in experimental section, we
were able to prepare high quality blend membranes with PI
content up to 30 wt% in Nafion matrix successfully.

As shown in figure 2, the color of blend membrane had
more intense brown color as the content of PI increased. The
composition of materials is summarized in table 1. NPI-6,
NPI-12, NPI-18, and NPI-30 were named based on the weight
ratio of PI to Nafion after drying solvents. The total amount of
PI and Nafion in unit area, respectively, were calculated in
mg cm ™2 and the weight ratio of the two components.

First, the membranes were characterized by FT-IR after
the imidization at 180 °C for 12 h in vacuum to confirm that
they were successfully imidized and both PI and Nafion
components are in the blend membranes. Figure 3 shows FT-
IR spectra of PAA membrane and PI membrane before and
after thermal imidization, which were compared as references.
PAA membrane shows peaks at 1714 cm ™' (C=O stretching,
carboxylic), 1657 em ! (C=0 stretching, amide), and
1540cm™' (N-H bending) before thermal imidization [32].
After thermal imidization, 1714 cm™! (C=0 stretching, car-
boxylic) and 1657cm™' (C=O stretching, amide) are
replaced with 1774 cm™' (C=O0 stretching, asymmetric) and
1712cm™! (C=0 stretching, symmetric) which are char-
acteristic to PI. Moreover, other peaks at 1453 cm™! (c=C
stretching), 1367 em™ ' (C-N stretching, imide), and
1163 cm™" (imide ring deformation) appear, which indicate
the successful thermal imidization [32]. A trace of imide is
presented in PAA before thermal imidization, which was
formed during film casting at elevated temperature.

Figure 4 shows FT-IR spectra of blended membranes.
The blend membranes NPI-6, NPI-12, NPI-18, and NPI-30
have peaks at 1780cm ' (C=O stretching, asymmetric),
1730cm ™! (C=0 stretching, symmetric), 1502 em ! (C=C
stretching), and 1383 cm™! (C-N stretching, imide). These
peaks are characteristic to PI, confirming that the thermal
imidization was successful and that PI is present in the blend
membranes. Also, peaks at 1205 cm! (C-F stretching,
asymmetric) and 1144 cm™' (C—F stretching, symmetric) are
characteristic to Nafion which are shown in all PI-Nafion
blends, verifying the presence of Nafion in the blend

Figure 8. Cross sectional SEM image of NPI-18 based IPMC
actuator.

membranes [33]. The FT-IR results indicate that our imidi-
zation condition successfully converted PAA to PI structure
as well as PAA /Nafion membranes.

TGA was performed to characterize thermal properties of
blended membranes under nitrogen atmosphere with heating
rate of 10 °Cmin~" up to 700 °C. As shown in figure 5, PI
membrane is stable at temperatures up to 550 °C. It shows a
distinguishable thermal degradation around 550 °C-600 °C.
Also, the TGA derivative curve shows a broad transition peak
at 315 °C and a sharp transition peak at 572 °C, with a total
weight loss of 38% after decomposition. Nafion membrane
shows major weight loss stages around 325 °C-380 °C and
420 °C-570 °C. The TGA derivative curve shows two sharp
transition peaks at 360 °C and 462 °C, with a total weight loss
of 92% after decomposition. Blend membranes (NPI-6, NPI-
12, NPI-18, and NPI-30) show two major weight loss stages
around 325 °C-380°C, 380°C—420°C, and a small third
decomposition around 420 °C-570 °C. The third decomposi-
tion increases as the content of PI increases. In the results of
derivative curves, it is more clear that the first two sharp
transition peaks (at 360 °C and 462 °C) are characteristic to
Nafion, and shoulder at 565 °C is from the decomposition of
PI. The total weight loss is 81% for NPI-6 and NPI-12, and
77% for NPI-18 and NPI-30. The thermal property results of
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Figure 9. The actuation performance of the IPMC actuators (Nafion 117, NPI-18, and NPI-30): measured voltage, current, displacement
responses, and bending strain at £3 V, AC square-wave under (a) 0.5 Hz and (b) 1.0 Hz.

Table 2. The electrode surface resistance of prepared IPMCs after electroless plating (measured using two-point probe method).

1st primary 2nd primary 3rd primary Secondary
Samples plating (2 cm™") plating (R ecm™) plating (Q cm™") plating (2 cm™)
Nafion(solution casted) 33.8-45.7 21.0-28.0 14.1-18.8 11.1-20.2
NPI-6 11.1-14.2 10.8-13.3 8.1-9.2 4.7-1.7
NPI-12 13.2-15.1 11.1-12.9 8.8-9.4 5.6-8.2
NPI-18 3.3-5.1 2.2-2.5 1.6-1.9 1.1-1.5
NPI-30 33-5.2 22-2.6 1.5-1.8 0.9-1.6
Nafion 117 4.2-53 2.8-3.1 1.6-1.9 1.3-1.7

blended membranes confirm the presence of both components
of Nafion and PI in the blended matrix.

Figure 6 show the results of DMA tests for Nafion 117,
NPI-6, NPI-12, and PI membranes. DMA was not measured
on NPI-18 and NPI-30 due to the stiffness of the membranes.
Additionally, we note that Nafion 117 was used for both
DMA and electromechanical characterizations since the
solution casted Nafion showed high resistance unsuitable for
the device test after electrode plating. The samples were cut
into 0.5 x 2.5 cm”. DMA was setup in tension, and they were
oscillated at different frequencies (from 0.01 to 20 Hz).
Measured storage modulus, loss modulus, and tangent delta
are shown in figures 6(a)—(c), respectively.

Figure 6(d) presents the mechanical properties of blended
membranes at 10 Hz to clearly show and understand the trend
of variation. In figure 6(a), as the content of PI increased, the
storage modulus (E’) is increased from 0.156 GPa (Nafion) to
0.572 GPa (NPI-6) to 1.620 GPa (NPI-12) to 2.430 GPa (PI).
Figure 6(b) shows the variation of loss modulus (E”), there
are only minor changes: 0.043 GPa (Nafion), 0.125 GPa (NPI-
6), 0.234 GPa (NPI-12), and 0.137 GPa (PI). Therefore,
damping properties (tan 6 = E”/E') [34-36] are decreased
from 0.280 (Nafion) to 0.219 (NPI-6) to 0.145 (NPI-12) to
0.056 (PI) with the increasing content of PI (figure 6(c)).
These results suggest that the storage modulus would be
increased with addition component of PI in the matrix, which
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Figure 10. The displacement responses of the Nafion 117 and NPI-
18 IPMC actuators at £3 V with AC square-wave under 0.1 Hz.
Inset: superimposed image from video captures of NPI-18 IPMC
actuator at 0.1 Hz.

represents the enhancement of elastic property. Meanwhile,
the addition of PI in the matrix does not affect loss modulus
(viscous property) significantly, and consequently decrease
damping property of blended membranes. Although limited,
selective tuning in the mechanical properties could be
achieved by this simple physical blending.

For the electromechanical properties, IPMC actuators
were fabricated based on the procedures described in exper-
imental section. To assess their applicability to the device test,
the obtained IPMCs were cut into 0.5 x 2.5 cm? rectangular
shapes, and surface resistance was measured using two-point
probe method.

As shown in table 2, solution casted Nafion, NPI-6, and
NPI-12 IPMCs show high surface electrode resistance
(4.7-20.2Qcm ™). Since higher surface electrode resistance
generates lower actuation capability in the IPMCs which has
been experimentally demonstrated [37], actuation testing was
only conducted on NPI-18 and NPI-30 IPMCs which resulted
in surface resistance (1.1-1.5Q cm™") less than 2.0 Qcm™!
after secondary electroless plating, which is appropriate value
based on our previous work [25]. Since the surface resistance
of solution casted Nafion based IPMC was too high, we
prepared Nafionl117 based IPMC that resulted in surface
resistance (1.3-1.7Qcm™') to compare actuation perfor-
mance of NPI-18 and NPI-30 based IPMCs. The photo-
graphic images of NPI-18, NPI-30, and Nafion 117 IPMCs
are also shown in figure 7.

The cross-sectional morphology of NPI-18 based IPMC
was characterized with SEM image as shown in figure 8. The
Pt electrode is successfully plated onto the surface of the
membrane evenly without any defects like cracks or delami-
nation. The thickness of the electrode is consistent throughout
the surface of the electrode with a value of 10 gm. For NPI-30
IPMC, SEM image was not taken since the surface electrode

resistance was similar to NPI-18 IPMC, which was lower than
20Qcm ™.

Displacement responses of Nafion 117 and Nafion/PI
blend IPMC actuators were measured at 0.1, 0.5, and 1 Hz. A
displacement laser sensor kept track of the displacement at the
tip while the voltage at the clamp was sensed by the circuit.
Figure 9 shows the measured voltage, current, the corresp-
onding displacement responses, and bending strain for Nafion
117 and blend based IPMC actuators as a function of time at
+3V AC square-wave input at the frequency of 0.5 and
1.0 Hz. The bending strain (¢) was converted from displace-
ment () using the relation of ¢ ~ LZ(I(SZ’ where ¢ is the
thickness of the IPMC and L is the free length. At 0.5 Hz, as
shown in figure 9(a), the displacement of Nafion 117 and
NPI-18 IPMC actuators were almost same (3.8 mm), and
strains were 0.17% and 0.28%, respectively. The displace-
ment of NPI-30 IPMC actuator was 1.1 mm and the strain was
0.06%, which were lowest among the actuators due to the
stiffness. At 1.0 Hz, as shown in figure 9(b), the displacement
of Nafion 117 and NPI-18 IPMC actuators were 1.3 and
2.0 mm, and strains were 0.07% and 0.14%, respectively. The
displacement of NPI-30 IPMC actuator was 1.1 mm and the
strain was 0.06%, which were again lowest among the
actuators. The displacement decreased at 1.0 Hz compared to
0.5 Hz and the displacement responses were slower compared
to 0.5 Hz. These effects are thought to be due to the limited
charging time at higher frequency [25]. As the actuating
frequency increases, the charging time for the hydrated
cations to move toward the anode becomes shorter, resulting
in the decrease of both displacement and strain. From the
displacement results, we could see comparable electro-
mechanical performance of NPI-18 to Nafion 117 IPMC
actuators even with significant amount of PL

Figure 10 shows the displacement of Nafion 117 and
NPI-18 IPMC actuators at 0.1 Hz. The displacements of
Nafion 117 and NPI-18 IPMC actuators at 0.1 Hz are 5.3 and
59mm, and strains are 0.21% and 0.28%, respectively.
Superimposed image from video captures of NPI-18 IPMC
actuator at 0.1 Hz is also included (inset). The actuators show
similar displacement performances up to 2.8 s. While NPI-18
IPMC actuator shows a bounce-back effect, which does not
maintain the maximum displacement but bounces back before
bending to the opposite direction. As a result, the displace-
ment has been reduced by 1.3 mm from 2.8 to 4.7s. This
bounce-back effect did not occur to Nafion 117 IPMC
actuator. The increased elasticity may be responsible for the
bounce-back effect which is in good agreement with the
DMA results. It should be noted that the bounce-back effect
was only observed at low frequency (0.1 Hz) but not at higher
frequencies (0.5 and 1 Hz).

Figure 11 shows the images of prepared IPMC actuators
at maximum displacement with/without applying voltage
(£3V, AC) under varied frequency (0.1, 0.5, and 1.0 Hz).
The NPI-18 IPMC actuator demonstrates almost similar dis-
placement range compared to Nafion 117 IPMC actuator.
NPI-30 IPMC actuator shows the lowest degree of deforma-
tion among the actuators. The blocking force, which
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Figure 11. Images of prepared IPMC actuators, (a) Nafion 117, (b) NPI-18, and (c) NPI-30 with/without applying voltage (+3 V, AC) under

varied frequency (0.1, 0.5, and 1.0 Hz).
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Figure 12. Blocking force responses in time at 3 V, DC for IPMC
actuators comparing Nafion 117 and NPI-18.

represents the electromechanical force formed at the tip of
IPMC actuator at zero displacement, was measured under
driving voltage of 3V, DC. Figure 12 shows the typical
blocking force responses measured as a function of time for
Nafion 117 and NPI-18 IPMC actuators. The highest blocking
forces of Nafion 117 and NPI-18 IPMC actuators are mea-
sured to 6.86 mN at 1.84s and 5.93 mN at 1.47 s, respec-
tively. The blocking force is decreased by less than 15% and
the response time is also decreased by 20%. The blocking
force decreases of NPI-18 IPMC actuator is likely due to the
increased stiffness of PI incorporated in Nafion. While there is
a small loss in the blocking force, NPI-18 IPMC actuator
improved the response time which is usually needed in IPMC
actuators.
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Figure 13. The displacement variation of Nafion 117 and NPI-18
IPMC actuators with increasing temperature from 20 °C to 90 °C
with applying voltage (£3 V, AC) under frequency of 0.5 Hz.

Figure 13 shows the displacement variation of Nafion
117 and NPI-18 IPMC actuators at the increasing temperature
from 20 °C to 90 °C with applying voltage (+3 V, AC) under
frequency of 0.5 Hz. In this result, the average displacement
of Nafion 117 and NPI-18 IPMC actuators are shown 7.01
and 6.89 mm, respectively. Nafion 117 IPMC actuator has the
maximum displacement of 7.07 mm at 70 °C and NPI-18
IPMC actuator has that of 6.95 mm at 80 °C. While the dis-
placement of both actuators are nearly the same, NPI-18
showed higher stability over temperature with less fluctuation.
This result clearly demonstrates that the IPMC actuator with
Nafion/PI blend film can sustain its electromechanical per-
formance in wider temperature range.
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4. Conclusions

In this work, we prepared blend membranes of Nafion and PI
using a precursor polymer method, which were then used as
ion exchange membranes to fabricate IPMCs. The conditions
to solution-cast Nafion/PAA blend membranes and thermal
imidization to form Nafion/PI were established. To our
knowledge, this is the first example to prepare Nafion/PI
membrane using a bottom-up approach. The blend mem-
branes were characterized by FT-IR, TGA, and DMA. FT-IR
results confirmed the incorporation of PAA in Nafion and the
thermal imidization process Nafion. Thermal properties were
characterized using TGA, which confirmed the presence of
both components in the blends. DMA results showed that as
the content of PI increases, elasticity of the material increases
while damping of the material decreases. The mechanical
properties characterized by DMA suggests the possibility of
controlling elasticity and the degree of damping of materials
by varying the content of PI in the blends. Nafion/PI blend
actuator showed comparable actuation performance including
displacement and blocking forces compared to commercially
available Nafion 117 even though we reduced the content of
Nafion by 18wt% (weight percent ratio of Nafion:
PI = 82:18) while improving both thermal and mechanical
properties.

This work demonstrates not only a simple and effective
bottom-up approach to modify the properties of Nafion, but
the incorporation of intractable PI in Nafion as well. Further
study to incorporate different type of polymer to Nafion is in
progress. In addition, stable electromechanical performances
at higher temperature could be an important advantage of
Nafion/PI blend film for IPMC actuator. Therefore, the
properties at higher temperature will be further investigated in
the future.
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