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Abstract: A polypyrrole (PPy)/alumina composite filler prepared via in-situ polymerization of pyrrole on alumina
particles was incorporated into Nafion® to improve the performance of ionic polymer-metal composite (IPMC) actu-
ators. The IPMCs with the pristine PPy without alumina support did not show bending displacements superior to
that of the bare Nafion-based IPMC, except at a high PPy content of 4 wt%. This result was attributed to the low
redox efficiency of the PPy alone in the IPMC and may have also been related to the modulus of the IPMC. However,
at the optimized filler contents, the cyclic displacement of the IPMCs bearing the PPy/alumina filler was 2.2 times
larger than that of the bare Nafion-based IPMC under an applied AC potential of 3 V at 1 Hz. Even under a low AC
potential of 1.5 V at 1 Hz, the displacement of the PPy/alumina-based IPMCs was a viable level of performance for
actuator applications and was 2.7 times higher than that of the conventional Nafion-based IPMC. The generated
blocking force was also improved with the PPy/alumina composite filler. The greatly enhanced performance and the
low-voltage-operational characteristic of the IPMCs bearing the PPy/alumina filler were attributed to the synergic

effects of the neighboring alumina moiety near the PPy moiety involving electrochemical redox reactions.

Keywords: ionic polymer-metal composites, actuators, polypyrrole, alumina, Nafion.

Introduction

Ionic polymer-metal composite (IPMC) actuators produce
bending motion from the migration of solvated free ions,
which are loosely bonded with sulfonic or carboxyl anions
terminating flexible side chains. Fast and large bending
deformations, low-voltage operation (>2 V), and sensing
capability can be achieved in IPMC actuators.! With these
advantages, rigorous studies have been conducted in the
field of IPMC for high-performance actuators and sensors
during the last decade 2

For further enhancement of the actuation performance of
IPMC in terms of bending displacement and speed, and
generated force, a great deal of effort has been addressed to
the developments of the polyelectrolyte for efficient move-
ment of jons between the pair of electrodes.™ The targeted
polyelectrolyte for IPMCs should possess high ionic con-
ductivities and sufficient mechanical strengths to result in
high bending displacement and speed, and the generated
force.>* However, due to the difficulty in the synthesis of
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reliable high-performance membranes, the modification of
commercial membranes is rather preferred. Nam ez al. reported
IPMCs prepared with Nafion/montmorillonite (MMT) nano-
composite membranes as a modified polyelectrolyte of IPMC.*
IPMCs based on the Nafion/MMT membranes possessing
enhanced moduli and electrical properties showed improved
generated forces in the frequency range of 5-20 Hz. Nguyen
and Yoo chose silica and MMT as fillers of Nafion.” The
resulting IPMCs displayed largely enhanced displacements
and blocking forces due to the reinforced moduli and water-
retention abilities of the modified polyelectrolytes as well as
the extra metal cations introduced via modification of the
fillers. Lee et al. fabricated high-performance IPMCs using
Nafion/multi-walled carbon nanotube (MWCNT) composite
membranes.® They described that the dispersity of MWCNT
in the Nafion matrix, which extends to enhanced electro-
osmotic effects via the combination effect of double-layer
electrostatic and quantum chemical effects, played a key role
in showing the high actuation performance. The electrode
of IPMCs should also possess high toughness, low surface
resistances, and large capacitances formed along the inter-
face of the electrode particulate/electrolyte through its mod-
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ification or replacement of material.*”* These requirements
for IPMCs are similar to the ones for the applications of
proton exchange membrane fuel cells (PEMFCs) and direct
methanol fuel cells (DMFCs) due to their architectural simi-
larity.w'u

In this study, Nafion composite membranes modified with
polypyrrole (PPy) or PPy/alumina composite filler were
engaged as the polyelectrolytes of IPMCs to improve the
performance of IPMCs. The key concept of current work is
based on 1) the activation of mobile Li* ions via the reduc-
tion/oxidation of PPy inside the IPMC and ii) the further
activation of the Li" ions with an aid of the hygroscopic alu-
mina bonded with the highly hydrophobic PPy moiety, which
may help the IPMC to bend more rapidly, largely, and pow-
erfully. Related to conducting polymer/metal oxide composite
fillers prepared via in-sifu polymerization, the combinatorial
compatibility of PPy and alumina in terms of adhesion has
encouraged us to adopt PPy and alumina as the electro-
chemically reactive material and the hygroscopic ceramic
support, respectively.”> As an example showing the difficulty in
preparation of conducting polymer/metal oxide composites,
Yang et al. reported that since it is very difficult to form the
hydrophobic PPy particles on hydrophilic silica by direct in-
situ polymerization, they modified the surface of silica via
complicate methods using chitosan, and then prepared PPy/
silica nanocomposites through in-situ self-assembly poly-
merization."* Morphology of the PPy and the PPy/alumina
composite fillers prepared in this study is observed via a
scanning electron microscope and a transmission electron
microscope. From the characterization of Nafion mem-
branes bearing the pristine PPy or the PPy/alumina compos-
ite filler, the actuation performances of IPMCs based on the
Nafion composite membranes are shown and analyzed through
cyclic voltammetric techniques.

Experimental

Materials. Pyrrole (purity: 98%), hydrated ferric sulfate
(Fex(S0,),xH,0, purity: 97%), and sodium dodecyl sulfate
(SDS, purity: 99+%) were purchased from Aldrich, and o-
alumina (ALO14PB, particle size: 1 um) was purchased
from Kojundo Chemical Laboratory Co., Ltd. in Japan. A
20 wit% Nafion dispersion (DE-2021, DuPont), with a total
acid capacity of 0.95 meq/g (0.95 mmol H' per 1 g polymer),
was used as an ion-conducting matrix of IPMC.

Preparation of Polypyrrole and Polypyrrole/Alumina
Composite Fillers. PPy-coated a-alumina filler was synthesized
by in-situ polymerization of pyrrole on alumina particles.
The following procedure was carried out to synthesize the
PPy/alumina composite filler. First, a calculated amount of
alumina powder was mixed with deionized water and the
mixture was milled to acquire finer particies by an attrition
mill using 0.5 and 1.0 mm-sized zirconia balls. The resulting
alumina slurry comprising 2.08 g of alumina and 9.24 g of
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deionized water was obtained. The alumina/water mixture
was poured into a 0.1 M aqueous SDS solution of 20.58 g,
and then it was placed in an ultrasonic homogenizer for 15 min.
2.08 mL of pyrrole monomer was then added to the mixture
and constantly stirred for 30 min. After that, 6 g of Fe,(SO,)s:
xH,0, dissolved in 30 mL of deionized water, was added
dropwise to the above mixture and maintained for 5 h with
vigorous stirring at ambient temperature. The resulting PPy/
alumina composite filler was filtered and then washed with
deionized water and methanol repeatedly, followed by vacuum
drying at 60 °C. Pristine PPy filler was also synthesized by
the same procedure without the addition of alumina.
Preparation of Composite Membranes and IPMCs.
The content of PPy in the PPy/alumina composite filler was
37.7 wt% (PPy:alumina = 1:1.65, w/w), which was obtained
through thermogravimetric analysis. Two types of Nafion
composite membranes containing the pristine PPy or the
PPy/alumina composite filler were fabricated. In both cases,
the content of PPy was fixed to 1, 2, 3, and 4 wt%. Unlike
the Nafion membranes containing the pristine PPy filler, the
Nafion membranes containing the PPy/alumina composite
filler possessed not only the PPy component of 1-4 wt% but
also the consequent additional alumina component (1.65
times of the loaded PPy by weight). A calculated amount of
filler was added to the Nafion solution and mechanically
stirred for over 12 h, and then placed in an ultrasonic homo-
genizer for 1 h. After that, the mixture was poured into a
Teflon mold and dried in an oven at 40 °C overnight, fol-
lowed by an annealing step at 130 °C for 2 h to endow them
with insolubility in water. Platinum electrodes were formed
on both membrane surfaces for fabrication of IPMCs by an
electroless plating method as described in the literature.’
After the plating process, Li*-form IPMC was obtained by
immersion in a 1 N aqueous LiOH solution for 12 h.
Characterization. Morphology of the prepared fillers was
elucidated by a scanning electron microscope (SEM, JSM-
6380, Jeol) and a transmission electron microscope (TEM,
JEM-1011, Jeol). A complex impedance analyzer (IM6ex,
Zahner) was used for the evaluation of electrochemical
behaviors in IPMC. Cyclic /-V test via a two-electrode system
was performed in an air environment by connecting the
counter- and reference-electrode leads to one side of the
IPMC and by connecting the working-electrode lead to the
other side, with a potential range of -3 to 3 V and a scan rate
of 50 mV/s. Cyclic voltammograms were obtained using a
three-electrode system, in which the working- and counter-
electrode leads were connected to the respective sides of the
IPMC in a 0.1 N aqueous LiClO, solution, while the
reference lead was connected to an Ag/AgCl reference
electrode (1 M KCI). The applied potential respect to Ag/
AgCl was cycled between -0.8 and 1.3 V with a scan rate of
50 mV/s. Actuation test was carried out by measuring the
horizontal displacement of IPMC strips, with dimensions of
25 mm in length and 5 mm in width. The IPMC strips were
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supported vertically by a gold grip and fixed to 5 mm length
on both sides, and thus the actual effective length of the
samples was 20 mm. Electric power was applied with an
AC source/analyzer (Model 6811B, Agilent). The displace-
ment measurement was performed using a laser sensor (LB-11,
Keyence) and a video camera connected to a computer by a
data acquisition (DAQ) system (SCB-68, National Instru-
ment).

Results and Discussion

IPMC actuation is based on ion and solvent flux in the
polyelectrolyte covered with two metal electrode layers. A
higher ionic flux results in a larger bending actuation to the
IPMC, and the driving force is referred to electro-osmosis.!
The redox reaction of PPy'® may facilitate the ion transport
because the redox reaction causes the injection/ejection of
mobile ions in/out of the PPy chains in aqueous environ-
ment and the resultant ions increase the ionic flux. The
hydrophobic nature of PPy, however, prevents the access of
water, which limits the injection/ejection of mobile ions.
Thus, to reduce the hydrophobic characteristics of PPy, alu-
mina, a hygroscopic metal oxide, was employed as a sup-
port for PPy via in-situ polymerization.

Figure 1 shows the morphology of the pristine PPy and
the PPy/alumina composite fillers prepared in this study. Fine
PPy particles which were doped with SDS anions (PPy-
SDS) had the diameter of 150-200 nm with spherical mor-
phology, as observed in Figure 1(a). In the PPy/alumina
composite filler, alumina particles (dark shaded) measured
the diameter of 300-400 nm and were partially covered with
PPy (light shaded) agglomerates possessing high tortuosity
rather than sphere, as shown in Figure 1(b). Granular fea-
tures of the two fillers in a wide view were also observed
from the SEM pictures given in Figures 1(c) and 1(d). The

Figure 1. TEM photographs of a) pristine PPy and b) PPy/alu-
mina composite fillers. ¢) and d) are SEM photographs of a) and
b) samples, respectively.
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PPy/alumina composite filler dispersed in the Nafion matrix
could enable the highly hydrophobic PPy to exist in an abun-
dantly humidified regime due to the stronger hygroscopic
effect of alumina as well as to acquire a large specific sur-
face area (electrochemically active area), whereas the PPy
alone might experience the lack of water due to the hydro-
phobic nature. Ions can be transported freely only in mois-
ture regimes. Therefore, the PPy/alumina composite filler in
the IPMC may induce a larger injection/ejection of mobile
ionic species (Li" ion) into/out of the PPy chains via the
reduction/oxidation of PPy under an applied potential, as
given in egs. (1) and (2)," respectively.

PPy" - SDS™+Li" - PPy - SDS™- Li': reduction of PPy
ey

PPy - SDS™- Li" — PPy™ - SDS™ + Li": oxidation of PPy
2

In addition, the redox reaction of PPy is expected to occur
actively at the electrolyte-electrode interface of IPMC, with
a less extent towards the middle section of the electrolyte. It
is due to the highest potential difference occurred at the
interfaces in the electrolyte.'® Under applied voltages exceed-
ing the redox potential of PPy, the injection of Li" ions on
PPy at the cathodic interface of IPMC and the ejection of
Li" ions from PPy at the anodic interface may promote the
ion transport. Especially in the case of IPMCs comprising
the PPy/alumina composite filler, more efficient redox reac-
tions are expected due to the presence of hygroscopic alu-
mina. The conceptual schematics on the actuation mechanism
of IPMCs with the pristine PPy and the PPy/alumina com-
posite fillers were presented in Figure 2.

Nafion composite membranes comprising the PPy and the
PPy/alumina composite fillers and their IPMCs were pre-
pared, and their properties and characteristics were summa-
rized in Table I. Electrical conductivity of the synthesized
PPy was 9.5 S/cm, and that of the PPy/alumina composites
was 3.7 S/em. This indicates the connection of PPy domains
for the pathway of electrons in the bulk state of the PPy/alu-
mina composites, with high loading of PPy on alumina particles.
The hygroscopic effect of alumina moiety was evidenced
from higher water-retention abilities of the PA series mem-
branes bearing the PPy/alumina composite filler, compared
to the bare Nafion membrane and the P series membranes
with the pristine PPy. Meanwhile, water uptake was higher
for both P and PA series membranes than for the bare Nafion.
Generally, water in ionic polymers favorably influences the
proton conductivity because ionic species are transported by
means of well-known Grotthus ‘hopping” and vehicle mecha-
nisms.'”'® In this study, however, proton conductivity slightly
decreased with loading of filler in both cases. In the dry state,
Young’s moduli of the membranes were also measured. The
modulus of the PA series membranes greatly increased with
loading of filler, while the P series membranes showed less

Macromol. Res., Vol. 17, No. 12, 2009
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Figure 2. Conceptual schematics on the actuation mechanism of IPMCs with pristine PPy or PPy/alumina composite filler. a) is assigned
to the IPMC prepared without adding fillers, and b) and c) are assigned to the IPMCs with the pristine PPy and the PPy/alumina compos-

ite fillers, respectively.
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Figure 3. Cyclic displacement of Nafion-based IPMCs containing the pristine PPy or the PPy/alumina composite filler. The IPMC samples
were vertically fixed by a gold grip and the actuation test was carried out by measuring the cyclic horizontal displacement () of IPMC
strips at 10 mm distance from the grip under rectangular voltage pulses of a) 3 V and b) 1.5 V at a frequency of 1 Hz. The insets of a) and
b) display the bending shapes of PA3 and PA1 samples at each applied potential, respectively.

significant change in modulus.

Under 3 V and 1.5 V rectangular voltage inputs of 1 Hz,
the bending performance of the IPMCs was evaluated by
measuring the cyclic horizontal displacement (y) of IPMC
strips at 10 mm distance from the grip, as shown in Figures
3(a) and 3(b). At both 3 V and 1.5V, the displacement of the
P series IPMCs was lower than that of the bare Nafion-
based IPMC except for the PPy content of 4 wt%. It was
also noted that the displacement vs. filler content varied with
the elastic modulus, which was confirmed by mechanical
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data in Table I. However, the PA series exhibited enormously
improved displacements at all compositions compared to
the bare Nafion-based IPMC. The bending displacement of
the PA series IPMCs at 3 V increased with the increase in
filler content up to 3 wt% (at 3 wt%, 2.2 times larger than
that of the bare Nafion-based IPMC), and then decreased at
4 wt% probably due to its high modulus, while the dis-
placement at 1.5 V showed the largest displacement at the
low content of 1 wt% (2.7 times larger than that of the bare
Nafion-based IPMC) with a fluctuating tendency of actua-
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Table 1. Properties and Characteristics of Fillers, and Their Membranes and IPMCs

Filler Membrane IPMC
ECe PPy Alumina Water Water PCe Modulus  Thickness
Electrolyte Type S/em Code  Content Content Content® Retention® S/em (dry) (wet)
wit% wt% wt% wt% MPa pm
P1 1 0 40.0 39.8/9.0 0.087 272 458
100% P2 2 0 415 385/89 0084 282 508
Nafion PP 9.5
y P3 3 0 41.2 38.2/8.1 0.083 257 437
P4 4 0 41.6 42.3/11.8 0.083 253 479
PA1 1 1.65 41.5 52.2/9.8 0.086 284 395
g,‘;{/ ‘gg%s PA2 2 330 42.0 545/104  0.081 329 422
Nafion p 3.7
(I;Ply_-lAézsc)’s PA3 3 4.95 417 584/10.1  0.080 347 453
PA4 4 6.60 41.5 59.7/10.5 0.078 382 434
Nafion - - N 0 0 38.8 41.3/9.6 0.087 232 433

“DC electrical conductivity of pelletized samples obtained using the standard four-probe method at room temperature. “Water content was esti-
mated from the weight change of the membrane between the fully dry and wet states at room temperature. “The residual water content after 20-
min-exposing the swollen membrane in air/the content equilibrated in air (temp.: 25 °C, relative humidity: 19%). “Proton conductivity obtained
using a custom-made cell for the normal four-probe technique at room temperature.'

tion with PPy content. The largest displacement of the PA1-
IPMC under 1.5 V was attributed to the electrochemical and
mechanical properties optimized at the low content of 1 wt% in
terms of the bending performance of IPMC. It is worth
mentioning that the cyclic displacement of the PAl-mem-
brane-based IPMC at 1.5 V was almost a comparable level
to that of the conventional Nafion-based IPMC at 3 V. How-
ever, convergency of the cyclic displacements with increas-
ing content of filler, especially at the highest loading of 4 wt%,
was observed. This indicates that a higher loading of the
PPy filler may yield a larger displacement. The blocking force
under DC 3 V was also measured at the tip of IPMC strips
using a load cell. In Figure 4, the maximum blocking force
of the PA3-IPMC at 3 V was almost 2 times higher than that
of the bare Nafion-IPMC and the values were 0.82 g; and
0.42 g, respectively.

1.0

0.8 -
0.6 ~
0.4 —
00 N P3 PA3

Figure 4. Maximum blocking force of Nafion-based IPMCs
containing the P3 or PA3 filler. These data were obtained at the
tip of IPMC strips under DC 3 V.

Max. blocking force (g,)
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Cyclic voltammograms of IPMCs obtained using a two-
electrode system show the trend of ionic movements (Li
ion) induced by the applied potential, with the electrolysis
of water inside the IPMC. In the cyclic voltammetry, a
higher current density implies not only a higher capacitance
but also a larger ionic movement, which usually produce a
higher bending performance of the IPMC strip.” Based on
this statement, cyclic I-¥ curves of the electrochemically
active IPMCs bearing PPy were compared with that of the
bare Nafion-based IPMC in Figure 5. The P4- and PA4-
membrane-based IPMCs were chosen to detect the devia-
tion effectively. Unlike the bare Nafion-IPMC, the IPMCs
with PPy displayed an extra current density at low poten-

100 5
- —#—Bare Nafion

80 - _@—pPa
NE 60 |- —A—PA4
S 40
E 2}
> L
= 0
& .00 L
o 2 N
E -40 -
5 .80 |
© -80

qoo L 14

Applied potential (V)

Figure 5. Cyclic I-V curves for Nafion-based IPMCs containing
the P4 or PA4 filler. The measurement was performed using a two-
electrode system in air and the curves were the 3™ cycle of scan
with a potential range of -3 to 3 V and a scan rate of 50 mV/s.
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Figure 6. a) Cyclic voltammograms and b) the consequent bending displacements for Nafion-based IPMCs containing the P4 or PA4
filler. The cyclic voltammograms were obtained using a three-electrode system in a 0.1 N aqueous LiClO, solution with an Ag/AgCl ref-
erence electrode (1 M KCl), after 30 cycles of scan with a potential range of -0.8 to 1.3 V and a scan rate of 50 mV/s. The consequent
bending displacement was obtained measuring the horizontal displacement of IPMC strips at the tip of 20 mm away from the grip under

the above cyclic potential scan.

tials of ca. +£(0.9-1.7) V, which is too low to induce the
transport of Li" ions in IPMC.> Moreover, the extra current
density of IPMCs with the PPy/alumina composite filler
was higher than that with the pristine PPy filler, which indi-
cates more ionic movement induced by higher efficiency of
the redox reaction. This result clearly explains the high
actuation performance of the PA series IPMCs at the low
voltage of 1.5 V. In addition, from the fact that the slopes of
current density for the IPMCs containing PPy are higher
than that for the bare Nafion-based IPMC in the higher
potential range of +(1.7-3.0) V, it is viewed that the redox
reaction of the PPy moiety dispersed in the IPMCs also con-
tributes to the electro-osmotic drag of lithium ion.

To confirm the effect of PPy on the performance of
IPMCs, the reduction/oxidation reaction of PPy inside the
IPMCs and the resulting extra displacement were compared
in the range of -0.8 to 1.3 V versus Ag/AgCl employing a
three-clectrode system, as seen in Figure 6. As was reported
in the literature," the redox reactions of PPy in the P4- and
PA4-membrane-based IPMCs were found between -0.6 to
-0.3 'V versus Ag/AgCl, although the oxidation peak was
somewhat obscure probably due to the overlap with ionic
fluxes induced by the electro-osmotic drag of lithium ion
and the coexisting back diffusion in the potential range.
Within the range of -0.8 to 1.3 V, another peaks and higher
current densities for the IPMCs bearing PPy were observed,
which is attributed to ionic fluxes stimulated from the injec-
tion/ejection of Li" ions through PPy, as previously mentioned.
From these results, it was postulated that the addition of PPy
into the polyelectrolyte layer of IPMCs contributes to the
bending actuation. It was also observed that the current den-
sity followed the order of PA4 > P4 > bare Nafion and the
consequent tip displacements of the P4- and PA4-mem-
brane-based IPMCs were 6.30 and 8.30 mm, respectively,
while the bare Nafion-based IPMC recorded 2.03 mm. Again,
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the displacements produced by the P4- and PA4-membrane-
based IPMCs were 3.1 and 4.1 times higher than that of the
conventional Nafion-based [IPMC, respectively. From examina-
tion of these cyclic voltammograms and bending displace-
ments, it was evidenced that the PPy/alumina composite
material as a filler of Nafion-based IPMCs enables the IPMC to
perform not only a largely enhanced bending actuation but a
low-voltage operation, compared with the sole PPy, owing
to the neighboring hygroscopic alumina moiety furnishing
the highly hydrophobic redoxible PPy with a much more
water as well as an enlarged electrochemically active area.

Conclusions

An evolution of IPMC has been achieved using the Nafion
composite membranes containing the PPy/alumina compos-
ite filler as the polyelectrolytes of IPMC. The new IPMCs
with the PPy/alumina composite filler, which compared
with both IPMCs with the pristine PPy filler and without the
PPy filler (conventional IPMC), exhibited a largely enhanced
actuation performance in terms of bending displacement,
response rate, and blocking force. Furthermore, even under
a low applied potential of 1.5 V, a viable level of actuation
performance could also be approached by IPMCs with the
PPy/alumina composite filler. From the cyclic voltammetric
analysis and the simultaneous displacement test, the high
performance of the IPMCs with the PPy/alumina composite
filler was attributed to the PPy’s redox reaction of high effi-
ciency and the consequent contribution to the major bend-
ing mechanism of IPMC, namely, the electro-osmotic drag
of lithium ion.
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