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Abstract

®

CrossMark

The blended ion-exchange membrane of Nafion and poly(vinyl alcohol-co-ethylene) [P(VA-co-
E)] was used to fabricate a new type of ionic polymer—-metal composite (IPMC). P(VA-co-E)
solution was blended in Nafion solution by a volume ratio of 30% and 50% and membranes were
prepared through a solution casting method. The blend membranes were characterized by
Fourier transform infrared spectroscopy, and differential scanning calorimetry. IPMCs based on

these membranes were fabricated by deposition of platinum electrode onto their surface via
electroless plating process. The two-point probe measured electrode surface resistance of all
prepared IPMCs was less than 2.0 cm™'. We further characterized the cross-sectional
morphology and studied the electromechanical performances (displacement and blocking force)
of the prepared IPMC actuators. The IPMC actuators with the blended Nafion membranes
demonstrated comparable electromechanical performance to the Nafion membrane by

significantly reducing the content of Nafion.

Keywords: IPMC, Nafion, poly(vinyl alcohol-co-ethylene)

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

1. Introduction

The ionic polymer—-metal composite (IPMC) is one of the
promising electroactive polymer (EAP) materials that has
attracted considerable attention owing to its unique actuation
under low voltage and sensing capabilities [1-7]. Nafion is
the most widely used ion-exchange membrane for IPMC
actuators, which has advantages including commercial
availability, appropriate mechanical robustness, good chemi-
cal stability, and high proton conductivity [8, 9]. Although the
Nafion-based IPMC actuator has demonstrated good actuation
performances under low voltage stimulus, there is one
inherent drawback that limits its practical applications—high
cost. Therefore, other types of ion-exchange membranes that
are inexpensive and easier to synthesize have been studied to
replace Nafion membranes used for IPMC actuators [6-9].

0964-1726/15/105011+08$33.00

A fluorinated acrylic copolymer membrane-based IPMC
actuator has been investigated; however, this type of IPMC
required relatively high voltage (3-8 V) for actuation [10]. In
addition, fluorinated monomers were neither cost effective
nor environmentally friendly [11]. Since then, non-fluorinated
hydrocarbon polymers and a few fluorinated polymers have
been used to develop IPMC actuators through chemical
modification. Sulfonated polymers have been widely studied
in IPMC actuators. These examples include sulfonated aro-
matic block copolymers [12—14], radiation-grafted fluor-
opolymers [15, 16], and sulfonated random copolymers
[17, 18]. Moreover, other investigations have focused on
composites of Nafion with a variety of fillers such as mon-
tmorillonite, titanium dioxide, and silica [19-22]. However,
so far, the efforts of replacing the Nafion have only been
partially successful. Thus, it is still necessary to continue to

© 2015 I0OP Publishing Ltd  Printed in the UK
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seek new ionic polymers as alternatives for use in high per-
formance IPMC actuators.

The overarching goal of this study is to assess the pos-
sibility of preparing homogeneous Nafion/polymer compo-
sitt  membranes via a physical blending method and
investigate the electromechanical properties of the composite
as compared to Nafion. As a proof of concept, we chose poly
(vinyl alcohol-co-ethylene) (P(VA-co-E)) as a blend polymer
since it has often been considered as a polymer matrix for the
preparation of new cost-saving ionomers due to its hydro-
philicity, film-forming capability, high modulus and strength,
and high density of reactive functional groups (—OH) for
crosslinking reactions [23-25]. We evaluated various condi-
tions to fabricate high quality blend membranes. The che-
mical structure and thermal properties of blended membranes
were investigated by Fourier transform infrared spectroscopy
(FT-IR) and differential scanning calorimetry (DSC),
respectively. Scanning electron microscopy (SEM) and
energy-dispersive x-ray spectroscopy (EDX) were performed
to characterize the cross-sectional morphologies and chemical
composition of the prepared IPMCs. In addition, the elec-
tromechanical performances of the as-prepared IPMCs in
terms of voltage, current, and displacement (or blocking
force) responses under alternating current (ac) or direct cur-
rent (dc) voltages were investigated according to the amount
of blended P(VA-co-E) in the Nafion membrane.

2. Experimental

2.1. Materials

Alcohol-based Nafion dispersion (5 wt.%) was purchased
from DuPont™. P(VA-co-E) and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich and used for preparation
of the blended membrane. Tetraammineplatinum (II) chloride
hydrate  (Pt(NH3)4Cl, - xH,0), ammonium hydroxide
(NH4OH), and sodium borohydride (NaBH,) were purchased
from Sigma-Aldrich and used for platinum plating. Hydrazine
monohydrate (H,NNH,-H,0) 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 cast membranes of Nafion were prepared by solution
casting of 10 mL of Nafion dispersion (5 wt.%) in a Teflon
mold at 30 °C. Blended membranes were prepared by solution
casting of 10 mL of mixed Nafion solution with P(VA-co-E)/
DMSO (5wt.%) in Teflon mold at 60°C. The detailed
composition of materials is summarized in table 1.

2.3. Fabrication of IPMCs

The blended membranes were polished with sandpaper to
increase the polymer—electrode contact area. Then, all mem-
branes were cleaned in 3 wt.% H,0O, and 1 M H,SO, aqueous

Table 1. Notation and compositions of prepared Nafion and Nafion/
P(VA-co-E) blend membrane samples.

P(VA-co-
E)/Nafion® Casting Thickness
Samples (vol.%) temp. (°C) (pum) Remarks
Nafion 0 30 280 Flexible
NP30 30/70 60 290 Flexible
NP50 50/50 60 350 Rigid

" The concentrations of both Nafion dispersion and P(VA-co-E)/DMSO
solution were kept to 5 wt.%.

solutions, followed by cleaning in DI water at 45 °C. Then,
the Pt electrode was deposited through a typical impregna-
tion—reduction process on the roughened inner surface of the
membranes. Each membrane was soaked in Pt salt solution
(Pt(NH3)4Cl,-xH,0) for 4.5h and then rinsed with DI water
several times. Then, the membranes were immersed in an
aqueous solution containing NH,OH and NaBH, at 45 °C for
2 h to metalize the membrane surface. Thereafter, the mem-
branes were cleaned in 1 M H,SO, followed by cleaning in
DI water. The primary plating procedure was repeated three
times. Next, the secondary plating was conducted to deposit
platinum on the outer surface of the membrane to reduce the
surface resistance of electrode. The membranes were
immersed in Pt salt solution at 45 °C and two other reducing
agents, 20wt.% of H,NNH,-H,O and 5wt% of
H,NOH-HCI, were added every 30 min for 4 h. Then, the
composite was cleaned in 1 M H,SO,4 and DI water. Finally,
the membranes were immersed in 1 M LiCl solution for 12 h
to replace protons with lithium ions. The obtained IPMCs
were cut into 0.5 x 2.0 cm rectangular shapes for character-
ization. The measured electrode surface resistance of the
prepared IPMCs after each plating step is summarized in
table 2.

2.4. Characterizations

FT-IR spectra were recorded using the IRTracer-100 (Shi-
madzu) equipped with an attenuated total reflectance (ATR)
accessory (MIRacleTM, PIKE Technologies) to identify the
chemical structures of membranes.

Thermal properties were investigated by DSC (Q20, TA
Instruments).

The thickness and cross-section morphology of the
IPMCs were measured using SEM (TM3030, Hitachi) at
15kV. The samples were molded with epoxy and carefully
polished, and then sputter-coated with Pt. In addition, EDX
(Mini-SVE 2107, Bruker) was used to investigate the cross-
sectional distribution of carbon (C), oxygen (O), fluorine (F),
and Pt within the prepared IPMCs.

The electromechanical responses such as displacement
and blocking force of the prepared IPMCs were measured by
a laser displacement sensor (optoNCDT-1401, Micro-Epsi-
lon) and a load cell (GSO-30, Transducer Techniques) with a
sample size of 0.5 x 2.0 cm in the test setup composed of a
signal generator (FG-7002C, EZ digital), a power amplifier
(LVC-608, AE Techron), a dc power supply (CPS250,
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Table 2. The electrode surface resistance of prepared IPMCs after electroless plating.

Samples  Ist primary plating (Qcm ')  2nd primary plating (Q cm™ ") 3rd primary plating (2 cm™')  Secondary plating (Q cm ")
Nafion 5.1-5.3 2.0-22 1.0-1.1 0.7-1.0
NP30 8.7-9.0 3.3-3.7 2224 1.2-14
NP50 19.5-20.0 10.1-11.0 9.9-10.2 1.5-1.8

)

(a)

(c)

Figure 1. Photographs of the prepared membranes: (a) Nafion, (b) NP30, and (c) NP50.

Tektronix), and a DAQ (SCB-68, National Instruments). The
IPMC was clamped in a cantilever configuration in water with
a free-length of 1.9 cm. The displacement was monitored at a
position of 1.7 cm away from the clamp contacts. The vol-
tage, current, and displacement (or blocking force) responses
were recorded using data acquisition system (LabView 8§,
National Instruments).

3. Results and discussion

Figures 1(a)-(c) show the photographs of the prepared
Nafion, NP30, and NP50 membranes, respectively. The
dimension of prepared membrane is measured 2.5cm
(width) x 2.5 cm (length) with an approximate thickness of
0.3 mm. The casted Nafion membrane was transparent and
flexible. When P(VA-co-E) was blended with Nafion, the
membranes became opaque. The stiffness was increased as
the content of P(VA-co-E) increased. While NP30 was still
flexible, NP50 was rigid. The prepared NP30 and NP50
membranes have significant cost effectiveness compared to
pure Nafion.

First, the blended membranes were characterized with
FT-IR spectroscopy. Figures 2(d) and (e) represent FT-IR
spectra of NP30 and NP50, respectively. As a reference, those
of Nafion 117, casted Nafion and P(VA-co-E) are also
included (figures 2(a)—(c)), respectively. The casted Nafion
membrane (figure 2(b)) has very similar FT-IR spectra to that
of commercial Nafion membrane, N117 [figure 2(a)]. The
asymmetric and symmetric CF, stretch modes at 1153 and
1213cm ™', which are typical for Nafion [26], appeared in
NP30 and NP50. The peaks at 2924 and 1443cm™' for
pristine P(VA-co-E) and blended Nafion membranes are

(e) NP50

| (d) NP30

(c) P(VA-co-E) !

v

——

_ (b) Nafion

L (a) Nafion (N117):

Transmittance (a.u.)

]
]
'

4000

3500 3000 2500 2000 1500 1000
-1
Wavenumber (cm')

Figure 2. The FT-IR spectra of (a) Nafion N117, (b) casted Nafion,
(c) P(VA-co-E), (d) NP30, and (e) NP50.

associated with the stretching and bending of the aliphatic
C-H, respectively. In addition, the spectra of the pristine P
(VA-co-E) and blended Nafion membranes clearly show a
broad band at 3200—3400 cm ' that corresponds to the O-H
stretching [27]. The increase in the C—H stretching intensity
relative to that of C-F stretching for NP30 and NP50 agrees
to the increased content of P(VA-co-E) in the blends. The FT-
IR results clearly confirm the presence of both constituents in
the blend membranes.

Thermal properties of the membranes were characterized
by DSC. As shown in figure 3, P(VA-co-E) showed T at ca.
43°C and T,, at ca. 165 °C, and there was no discernible
transition for Nafion. When P(VA-co-E) was blended with
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Figure 3. DSC thermograms of Nafion, NP30, NP50, and P(VA-co-
A). First heating scan at 10 °C min™".

Table 3. Thermal properties of P(VA-co-E) and blended membranes.

T, (°C) Tn(°C) AH;Jg™"
P(VA-co-E) 589 165.2 45.7
NP50 45.4 165.5 25.5
NP30 42.6 161.1 15.2

Nafion, both T,, Ty, and AH; were affected, which were
summarized in table 3. As the content of Nafion increased, T,
was significantly decreased. For the melting transition, NP50
showed a similar 7, to that of P(VA-co-E) while NP30
showed a reduced T,,. Nevertheless, the heat of fusion AH;
decreased constantly as a function of Nafion content, which is
indicative of the reduced crystallinity of P(VA-co-E) due to
the incorporation of the amorphous Nafion. The DSC results
suggest that the P(VA-co-E) and Nafion form miscible
blends. The driving force for the miscibility may originate
from the hydrogen bonding between OH in P(VA-co-E) and
sulfonate in Nafion.

The photographic images of the prepared IPMCs with
Nafion, NP30, and NP50 membranes after electroless plating

(a) (b)

are shown in figure 4. The layer of Pt was successfully plated
onto the surface of membranes without defects such as cracks
or delamination. The surface resistance of the electrode
for all IPMCs was measured less than 2.0 Qcm ™! (0.5cm
(width) x 2.0 cm (length)) after secondary electroless plating.
The measured surface resistance of the electrodes after each
step of electroless plating is summarized in table 2. When the
content of P(VA-co-E) in the blend membrane increased, the
electrode resistance was also increased. It may be due to the
limited impregnation of Pt complex ions into the polymer
membrane during the electroless plating process. Presumably,
the Pt complex ions impregnated more easily in Nafion than P
(VA-co-E). Nevertheless, after secondary electroless plating,
the surface resistance of prepared IPMCs showed appropriate
values comparable to our previous work [9].

Figure 5 shows the cross-sectional morphologies and
EDX results of the fabricated IPMCs. Figures 5(a)—(c) show
the cross-sectional morphologies and the deposited layer of Pt
at the surface of the polymer membrane. It can be seen that
the thickness of the Pt electrode layer decreases as the content
of P(VA-co-E) in the Nafion increases. The insets of
figures 5(a)—(c) clearly show the decrease in the thickness of
Pt electrode from 17 (Nafion) to 14 (NP30) to 10 um (NP50).
Figures 5(d)—(f) represent the EDX analysis of the cross-
sectional SEM images, which elucidate the chemical com-
position of the prepared IPMCs. Figure 5(g) compares the
number of counts of C, O, and F in the Nafion and blended
Nafion membranes. As increasing the content of P(VA-co-E)
in the membranes, the content of C and O in the polymer
membrane is increased whereas that of F is decreased.

Figure 6 shows the measured voltage, current, the cor-
responding displacement responses, and bending strain for the
IPMCs as a function of time at +3 V ac square-wave input at
the frequency of 0.5 and 1.0 Hz. The measured tip displace-
ment (6) was converted to the bending strain (¢) according to
L26—+I52’ where L is the free-length
and ¢ is the thickness of the IPMC. Among the three types of
IPMC actuators, the Nafion-only IPMC actuator shows the
highest displacement performance. As can be seen, the NP50-
based IPMC actuator has the lowest electromechanical per-
formance due to high electrode resistance and stiffness of the
membrane. Surprisingly, the NP30-based IPMC actuator has

(c)

the following relation: & =~

Figure 4. Photographs of the prepared IPMCs after Pt plating: (a) Nafion, (b) NP30, and (c) NP50. (Size = 0.5 x 2.0 cm.)

4
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Figure 5. The cross-sectional morphologies ((a) Nafion, (b) NP30, and (c) NP50) and EDX results ((d) Nafion, (e) NP30, and (f) NP50) of the
fabricated IPMCs. (g) Chemical composition of main elements in the polymer membranes.

almost the similar displacement (2.5 mm) and bending strain
(0.27%) to that of the Nafion-only IPMC under a low
actuation frequency (0.5 Hz) [figure 6(a)]. Although, the
Nafion/P(VA-co-E) IPMC actuators did not show higher
electromechanical performance than the Nafion-only IPMC
actuator, it is encouraging to see a comparable performance at
a significantly reduced Nafion content.

The photographic images of prepared IPMC actuators at
maximum displacement with/without applying voltage
(£3 V, ac) under varied frequency (0.1, 0.5, and 1.0 Hz) are
shown in figure 7. Figures 7(a) and (b) show that the NP30-
based IPMC actuator demonstrated the similar displacement

range compared to the Nafion-only IPMC actuator. Note that
the displacement responses of NP30 and NP30-based actua-
tors at higher frequency (1.0 Hz) are relatively low due to the
limited charging time [28]. As the frequency is decreased to
0.5 and 0.1 Hz, a notable difference in displacement response
between different samples was observed. It can be seen in
figure 7(c) that the NP50-based IPMC actuator exhibits the
lowest displacement due to the higher electrode resistance and
stiffness. Again, the displacement of the NP30-based actuator
was quite comparable to the Nafion-only actuator.

The blocking force, which characterizes the generated
electromechanical force at the [PMC tip at zero displacement,
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Figure 6. The actuation performance of the prepared IPMC actuators: measured voltage, current, displacement responses, and bending strain

at =3 V ac square-wave under (a) 0.5 Hz and (b) 1.0 Hz.

off 1Hz 0.5 Hz
\ |k !
off 1| [ 72 0.5 Hz 0.1 Hz

Figure 7. Photographic images of prepared IPMC actuators, (a)
Nafion, (b) NP30, and (c) NP50 with/without applying voltage
(£3V, ac) under varied frequency (0.1, 0.5, and 1.0 Hz).

was examined at a driving voltage of 3 V dc. Figure 8 shows
the measured blocking force response at a varying time for the
IPMC actuators. The Nafion-only IPMC actuator showed the
highest blocking force (13.5mN) and the fastest response
time (4.39 s). The highest blocking forces of NP30 and NP50
were measured to 12.3 mN at 4.54 s and 11.59 mN at 13.57 s,
respectively. The data shows that increasing the content of P
(VA-co-E) in the membrane decreases the blocking force

15
= 124
E
)
g 91
L
g
= 6
3
o — (a) Nafion

34 — (b) NP30

— (c) NP50
0 bl T ¥ T Y T ¥ T ¥ T s T
0 5 10 15 20 25 30 35
Time (s)

Figure 8. Typical blocking force responses in time at 3 V for [IPMC
actuators: (a) Nafion, (b) NP30, and (c) NP50.

performance and response time of IPMC actuators, owing to
the increased stiffness of the membrane. These results are in
accordance with the displacement measurements discussed
earlier.

In this study, we used in-house cast Nafion-based IPMC
and compared their electromechanical properties. Although
some commercial Nafion films are also manufactured by the
solution casting method, the exact process is still unknown
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and proprietary. Since IPMC properties are heavily dependent
on the manufacturing process (incl. membrane manufactur-
ing) and sample dimensions, it would be fair to compare
samples that are fabricated using the same process and exact
same experimental conditions.

4. Conclusions

In this paper, we successfully developed a new IPMC mate-
rial based on the Nafion and P(VA-co-E) polymer blend that
was used for fabrication of IPMCs. The membranes were
successfully blended and prepared using the solution casting
method. The blended membranes were fabricated into IPMCs
through the conventional Pt electroless plating process of
Nafion. Through this approach, we demonstrated that the
blended membrane can show a comparable performance,
which significantly reduced the content of Nafion by 30%.
Further work will be dedicated to investigating different types
of blending polymer to enhance chemical and mechanical
properties of Nafion. The work presented in this paper may
pave the way to modify and improve the properties of Nafion
with a straightforward blending process, which can offer more
cost-effective IPMC materials.
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