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ABSTRACT: To improve the performance of ion-
exchange polymer–metal composite (IPMC) actuators, an
electrical pathway material for enhancing the surface ad-
hesion between the membrane and the metal electrodes of
the IPMC was studied. As an efficient electrical pathway
material, polyaniline nanorods (PANI-NRs) doped with
p-toluene sulfonic acid (TSA) were synthesized with a tem-
plate-free method. The factors affecting polyaniline mor-
phology were studied with various dopant concentrations
and oxidant feeding rates. Highly conductive PANI-NRs
were formed when they were synthesized with ammo-
nium persulfate at a 5.0 mL/min oxidant feeding rate
and doped with 0.125M TSA. The conductivity of the

PANI-NRs was 1.15 � 10�1 S/cm, and their diameters and
lengths were 120–180 nm and 0.6–2 lm, respectively. To
apply the membrane as an actuator, perfluorosulfonated
ionomer (Nafion)/PANI-NR blends were prepared by so-
lution blending and casting. The actuating ability of the
three-layered membrane consisting of Nafion/PANI-NR
blends was then examined and compared with that of
Nafion only. The actuating ability of the IPMC was
improved when Nafion/PANI-NRs were used as electrical
pathways. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 116:
2601–2609, 2010
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INTRODUCTION

Conductive polymers have attracted considerable
attention since doped polyacetylene was reported by
Shirakawa et al. in 19771 because of their intrinsic
one-dimensional conductivity and potential uses as
electronic devices. Applications of these polymers
include blends and coatings for electrostatic dissipa-
tion and electromagnetic interference shielding, elec-
tromagnetic radiation absorbers for the welding of
plastics, and conductive layers for light-emitting
polymer devices.2–12

Among these conductive polymers, polyaniline
(PANI) has special advantages, such as ease of syn-
thesis, environmental stability, low cost of the mono-
mer, nonredox doping by protonic acids, and ready
modification of the oxidation states of the polymer
chain.13 As the use of nanomaterials is expected to
increase rapidly for biosensors, microelectronics, and
photonics,14–16 many studies have focused on the
synthesis and applications of nanoscale inorganic
and organic materials. Template synthesis is a com-
mon and effective method for synthesizing the nano-

structures of conducting polymers.17,18 However, a
template removal process is required to separate the
synthesized nanotubes or wires. Therefore, it is par-
ticularly interest to form nanostructures by a self-as-
sembly process, which does not require a tedious re-
moval process. Recently, Wan and coworkers19–21

described a template-free method in the presence of
b-naphthalene sulfonic acid as a dopant to synthe-
size microtubes of PANI. It was proposed that the
formation of these PANI microtubes could be attrib-
uted to the self-assembly of b-naphthalene sulfonic
acid molecules and their aniline salts into a micro-
structural intermediate,22 which acted as both a
supermolecular template23 and a self-doping agent.
This indicated that the dopant used for self-assem-
bling microtubes of PANI should have both doping
and surfactant features, and these characteristics of
the dopant contributed to the formation of various
nanostructural morphologies.24–26

Ion-exchange membranes are used in hydrogen
fuel cells and in the production of sodium or potas-
sium hydroxide.27 They can also operate actuators
when structured as metal–polymer–metal composite
sheets. The ion-exchange polymer–metal composite
(IPMC) actuator working in air is generally built in a
configuration where the internal layer is a perfluori-
nated ionomer (Nafion) sandwiched between two
metal electrode layers, and the relative differential
expansion between the metal electrode layers causes
bending.28 IPMC actuators have several unique
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features: they can be operated with a relatively low
voltage, and they can be used under water, which is
useful in biomedical and marine applications.27,29

However, IPMC actuators have a small displacement
(1.1 mm) and a low angular distance in water30,31

because IPMC has a low surface adhesion between
the membrane and the metal electrodes, so the
applied voltage is not effectively transmitted to
membranes. Therefore, an electrical pathway
between the membrane and the metal electrodes is
required.

In this study, polyaniline nanorods (PANI-NRs)
were synthesized with p-toluene sulfonic acid (TSA)
as the dopant with a template-free method. The
influence of the morphology was studied with vari-
ous dopant concentrations and oxidant feeding rates;
this enabled us to establish the process conditions
for the formation of the PANI-NRs. In the applica-
tion of the electrode for actuators, the perfluorosul-
fonated ionomer (Nafion)/PANI-NR blends were
prepared by casting, and the actuating ability of a
three-layered membrane, consisting of Nafion/
PANI-NR blends, was estimated. The morphology,
conductivity, and thermal stability of the PANI-NRs
were investigated, and the actuating ability of the
three-layered membrane actuator was compared
with that of a pure Nafion membrane actuator.

EXPERIMENTAL

Synthesis of the PANI-NRs

PANI-NRs were synthesized by a template-free
method with ammonium persulfate (APS) as an oxi-
dant19–21 and TSA as a dopant. The aniline monomer
was distilled under reduced pressure. A Nafion so-
lution manufactured by DuPont (Wilmington, DE)
and other regents were used as received without fur-
ther purification. All regents were purchased from
Aldrich (St. Louis, MO). The synthesis processes of
the PANI-NRs with different dopant concentrations
were as follows: 0.1 mol of aniline monomer was
mixed with 1 L of distilled water containing TSA by
stirring at room temperature; then, the mixture solu-
tion was kept in a cooling bath at �2�C during the
synthesis process. The TSA concentrations were
0.0005, 0.005, 0.025, 0.075, 0.125, and 0.150M. APS
(9.128 g) dissolved in 100 mL of deionized water
was added slowly to the mixture solution, and the
polymerization was conducted for 15 h.

Washing and drying of the PANI-NRs

We added an excess amount of methanol to the
TSA-doped PANI-NR dispersion to precipitate
PANI-NR powder by breaking the hydrophilic–lyo-
philic balance of the system and to stop the reaction.

The precipitates were collected with a glass filter
and washed with methanol, ethyl ether, and deion-
ized water three times to remove unreacted chemi-
cals and aniline monomers. Then, the precipitate
of the PANI-NRs was dried at room temperature
in vacuo for 24 h. Finally, approximately 3 g of the
PANI-NRs was obtained, which appeared as a dark
green solid.

Preparation of the Nafion/PANI-NR blend film

The Nafion/PANI-NR blend was prepared by a so-
lution-blending method. PANI-NRs (0.001 g) doped
with 0.125M TSA were dissolved in N,N-dimethyl-
formamide. This solution was blended with the
4 mL of a Nafion solution (5 wt %) containing ali-
phatic alcohol and water; then, the mixed solution
was sonicated for 10 min. The Nafion/PANI-NR
blend was poured into a casting frame. After the sol-
vent was evaporated, the separated phase of the
Nafion/PANI-NR films was produced. The viscous
Nafion solution was painted on the surface of
the Nafion/PANI-NR film and sandwiched with
another Nafion/PANI-NR film; then, the three-layer
laminated film was pressed. The pure Nafion film
was prepared by the casting of the viscose Nafion
solution.

Coating of the Ag electrode

Silver-mirror reaction solutions were prepared.28 So-
lution 1 consisted of silver nitrate (0.6 g), 5.0N am-
monium hydroxide (3.0 g), and deionized water
(30.0 g). Solution 2 consisted of D-(þ)-glucose (0.4 g),
sodium hydroxide (0.8 g), and deionized water
(20.0 g). The three-layer film was placed in solution
1 followed by the addition of solution 2. This pro-
cess was repeated twice to produce better plating
on the film surface. The silver-plated film was cut
into strips 23 � 2 � 0.25 mm3 (Length � Width
� Thickness) and dried in the atmosphere for 1 day.
Then, this film was immersed in a 0.1M LiCl solu-
tion for 6 h. The same process was conducted for
the pure Nafion film to prepare the actuator.

Electrical conductivity measurement

The electrical conductivity of the PANI-NR powder
was measured as follows: 0.02-g samples of PANI-
NR with different TSA dopant concentrations were
loaded into a 1.2-cm diameter pelletizer, and a pres-
sure of 5 tons was applied for 2 min. Then, the elec-
trical conductivity of the PANI-NR pellets was
measured at room temperature with a four-probe
technique with a Keithly 238 high-current-source
measuring unit. All conductivity measurements
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were performed in air by direct contact with the pel-
let’s surface. The electrical conductivity of the sam-
ples was calculated as follows:

rðS=cmÞ ¼ 1

2p
� I

V
(1)

where r is the conductivity, s is the spacing between
probes (0.3 cm), V is the voltage drop across the
inner probes, and I is the current passed through the
outer probes.

Characterization

Fourier transform infrared (FTIR) spectra of the
PANI-NRs were recorded with a Nicolet 760 Magna
IR spectrometer (Thermo Fisher Scientific, Inc., USA)
with KBr discs. The morphology was confirmed by
field emission scanning electron microscopy
(FESEM, JEOL JSM-6330F, Tokyo, Japan) and trans-
mission electron microscopy (TEM; JEOL JEM-2000).

Ultraviolet–visible (UV–vis) absorption spectra of
the PANI-NRs in the 300–1000-nm range were
recorded at room temperature with a Jasco FP-6500
(Tokyo, Japan). To record the spectra of the solu-
tions, we used quartz infrasil cells with a 1-mm opti-
cal path, filled with a 0.01 wt % PANI-NR solution
in m-cresol. Thermogravimetric analysis (TGA) of
the PANI-NRs was carried out in a Pyris 1 thermog-
ravimetric analyzer (Perkin Elmer, USA) under a
nitrogen atmosphere at temperatures from 10 to
750�C at a heating rate of 10�C/min. The actuator
performance was recorded with a digital camera,
and the displacement, bending angle and curvature
were calculated.

RESULTS AND DISCUSSION

Effect of the oxidant feeding rate

The effect of the oxidant feeding rate is shown in
Figure 1. The PANI-NRs doped with TSA formed
into agglomerated rod structures. The lengths of
rods were short when the oxidant feeding rate was
2.5 mL/min because the first-aggregation rod-form-
ing structures and secondary aggregation of PANI
occurred almost simultaneously. Huang and Kaner32

reported the morphological evolution of PANI dur-
ing chemical oxidative polymerization. Their PANI
nanofibers formed at early stage in the polymeriza-
tion process; however, as the process progressed, the
nanofibers became scaffolds for the secondary
growth of PANI and finally changed into irregularly
shaped agglomerates containing nanofibers and
particulates.

In this study, the oxidant feeding rate was con-
trolled to suppress secondary aggregation and to in-

crease the yield of PANI-NRs. As the oxidant was fed
into the reaction at a feeding rate of 5.0 mL/min, the
degree of agglomeration of the rod structures
decreased, and the length of rods was increased.
Under these process conditions, the rod formation
reaction occurred, and secondary aggregation was
effectively suppressed. The conductivities of PANI-
NRs with different oxidant feeding rates were
approximately the same (� 10�1 S/cm); however,
in the thermogram (Fig. 2), major weight losses
were observed from 230–580�C because the thermal
stability of the PANI-NRs formed with a feeding
rate of 2.5 mL/min of APS was better than that of
the PANI-NRs formed with a feeding rate of 5.0
mL/min. This was probably because of the aggre-
gated structure of the PANI-NRs being more com-
pact, which may have contributed to the better
bonding of dopants and polymeric chains to each
other. Despite this improved bonding, the PANI-

Figure 1 FESEM images of PANI-NRs doped with 0.1M
TSA at different oxidant feeding rates: (a) 2.5 and (b) 5.0
mL/min.

SELF-ASSEMBLY PREPARATION OF POLYANILINE NANORODS 2603

Journal of Applied Polymer Science DOI 10.1002/app



NRs had poor dispersability in the organic solvent.
Therefore, the oxidant feeding rate was fixed at 5.0
mL/min for the following experiments.

Formation of the nanorods

The influence of the surfactant concentration on the
morphology of the PANI nanostructures was investi-
gated to form a self-assembled PANI-NRs. When
TSA was used as the dopant and surfactant, micelles
formed readily. At the same time, aniline may have
existed in the form of anilinium salt or free aniline;
therefore, the TSA and anilinium salt could form
micelles, and free aniline diffused into their
micelles.33 Soluble free aniline or anilinium salt were

polymerized oxidatively by APS existing in the
aqueous phase.34 The reaction occurred mainly in
the micelle–water interface adjacent to the surfactant
head groups because hydrated APS molecules could
not penetrate the micelle surface.34 In the polymer-
ization process, the micelles became spheres or rods,
depending on the local conditions. In this study, two
micelle types were observed. The morphology of
synthesized PANI-NR powder with different dopant
concentrations was confirmed, as shown in Figure 3,
and their morphology was found to be significantly
affected by the concentration of TSA. The variation
in the morphology of the PANI-NRs of rod and
grain was observed with increasing concentration of
TSA. The rod morphology was initially formed in
0.0005M TSA, with its morphology being signifi-
cantly exhibited from 0.025 to 0.125M TSA. The di-
ameter and length of the rods was 120–180 nm and
0.6–2 lm. This was related to the hydrotropic behav-
ior of TSA and the growth of nanorods. We assumed
that the PANI aggregated in an orderly way and
was gradually elongated in the micelles by sulfonic
groups in the TSA.35

However, the grain morphology was formed at a
TSA concentration of 0.150M. This was probably
because of the formation of PANI, in which an
excess number of sulfonic groups interacted with
each other and caused the elongation to be distrib-
uted by accretion.36 Similar results were observed by
Konyushenko et al.37 when the polymerization of
PANI was carried out in weak and strong acids.
They concluded that a mildly acidic medium was
favorable for the production of nanorods, but a

Figure 2 TGA thermograms of PANI-NRs at different ox-
idant feeding rates in a nitrogen atmosphere.

Figure 3 FESEM images of PANI-NRs doped with different TSA concentrations: (a) 0.0005, (b) 0.005, (c) 0.025, (d) 0.075,
(e) 0.125, and (f) 0.150M.
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granular morphology was produced in strongly
acidic conditions because oligomer aggregation
occurred in strong acidic conditions because of an
increase in the hydrophobicity of aniline oligomers
produced in the early stage of polymerization. How-
ever, at low pH’s, the hydrophobicity of the oligom-
ers of the early stage was reduced, and the oligom-
ers became easily soluble and allowed the
directional growth of PANI. Therefore, the PANI
morphology was controlled by the concentration of
the dopant and acidity of the reaction.

The morphology of the PANI-NRs synthesized by
a template-free method with APS at a 5.0 mL/min
oxidant feeding rate and doped with 0.125M TSA
was also confirmed by TEM analysis, as shown in
Figure 4.

Characterization of the PANI-NRs

The FTIR spectra of the PANI-NRs doped with dif-
ferent concentration of TSA are shown in Figure 5.
All of the PANI-NRs showed characteristic peaks for
the C¼¼N¼¼C quinoid ring at 1580 cm�1, the
CANAC benzenoid ring at 1498 cm�1, aromatic
CAN at 1300 cm�1, secondary CAN at 1140 cm�1,
SO3

� at 657 cm�1, and CAS at 600 cm�1. The FTIR
spectra of the PANI-NRs had no features in the
region of 1750–3000 cm�1 because there were no
functional groups in the PANI-NRs. These results
indicate that the doping agent was sulfonic acid

with benzene rings.38–40 All peaks appearing in the
FTIR spectra of the PANI-NRs doped with different
TSA concentration were identical. Their spectra were
not shown and the peaks shifted; therefore, this indi-
cated that the formation of rod structures was not a
combination of other groups but an aggregation of
PANI instead.
The UV–vis absorption spectra of the PANI-NRs

dissolved in m-cresol solution were measured. As
shown in Figure 6, polaron band transitions at about
400–420 and 820 nm were observed. The strong peak
at about 400–420 nm was related to the partial proto-
nation of PANI, whereas a broad peak with a long
tail at 820 nm corresponded to the polaron band.41,42

Moreover, the peak intensity increased with an
increase in the TSA concentration, which indicated
that the doping level increased with an increase in
the TSA concentration. In addition, the granular
PANI formed with 0.15M TSA had a strong band at

Figure 4 TEM images of PANI-NRs synthesized by a
template-free method with APS at a 5.0 mL/min oxidant
feeding rate and doped with 0.125M TSA.

Figure 5 FTIR spectra of PANI-NRs doped with various
TSA concentrations.

Figure 6 UV–vis spectra of PANI-NRs doped with vari-
ous TSA concentrations.
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330 nm, which corresponded to the p–p* transition
of the benzenoid rings of PANI.41 However, this
band did not appear in the nanorods. Therefore, we
concluded that the electrical structure of the self-
assembled PANI was slightly affected by its
morphology.

The conductivities of the PANI-NRs doped with
various TSA concentrations at room temperature are
shown in Figure 7. The PANI-NRs had a conductiv-
ity within the range 10�2 to 10�1 S/cm, depending
on the TSA concentration. The conductivity of the
PANI-NRs increased as the TSA concentration
increased from 0.0005 to 0.125M. However, the con-
ductivity of PANI doped with 0.150M TSA
decreased. In general, the conductivity of a conduc-
tive polymer is affected by the monomer/dopant
molar ratio. The ideal molar ratio of monomer to
dopant, that is, that having the highest conductivity,
was found to be 2 : 1.43 In our study, the highest
conductivity of the PANI-NRs was found when their
molar ratio was 2 : 1.06. This result was close to the
ideal molar ratio. Furthermore, when the concentra-
tion of dopant was higher than the ideal molar ratio,
the growth of chains was interrupted in aqueous so-
lution, and the chain length was shortened. There-
fore, their conductivity decreased with decreasing
conductive path. In our polymerization process,
PANI grain was obtained when it was doped with
0.150M TSA, and their conductivities were lower
than those of PANI-NRs doped with 0.125M TSA.
Another possible interpretation was in their morpho-
logical structures. The PANI-NRs had an approxi-
mately uniform morphology, whereas PANI grains
lacked uniformity in their morphology. Therefore,
we concluded that the PANI-NRs provided a higher
conductivity than the PANI grains.

As shown in Figure 8, the thermal stabilities of the
PANI-NRs were measured by TGA; the first weight

loss was observed from 50 to 110�C and was attrib-
uted to the loss of water molecules.44 The second
weight-loss step occurred between 230 and 350�C,
and this was attributed to the loss of unbound acidic
dopant from the PANI-NR chain.45 The third decom-
position step region (340–580�C) indicated the degra-
dation of the polymeric chain of the PANI-NRs.45

The final step (>580�C) indicated the decomposition
of the backbone and the ring opening of benzene for
the PANI-NRs.46

The analysis of the thermal degradation stability
was performed by Doyle’s method47; the integral
procedural decomposition temperature (IPDT) was
calculated as follows:

IPDTðoCÞ ¼ A�KðTf � TiÞ þ Ti (2)

where A* is the area ratio of the total experimental
curve divided by the total TGA thermogram, K* is
the coefficient of A*, Ti is the initial experimental
temperature (�C), and Tf is the final experimental
temperature (�C). The value of IPDT and its parame-
ters are shown in Table I. IPDT of the PANI-NRs
increased up to 0.125M TSA; however, IPDT of the
grain structure was lower than that of the PANI-

Figure 7 Electric conductivity of PANI-NRs doped with
various TSA concentrations.

Figure 8 TGA thermograms of PANI-NRs (0.0005–
0.125M) and PANI grains (0.150M) doped with various
TSA concentrations in a nitrogen atmosphere.

TABLE I
Thermal Stability Parameters for PANI-NRs and PANI

Grains Doped with Various TSA Concentrations

TSA (mol/L) A* K* IPDT (�C)

0.0005a 0.698 0.478 253.9
0.005a 0.706 0.488 261.4
0.125a 0.726 0.497 273.5
0.150b 0.720 0.493 269.1

a PANI-NRs.
b PANI grains was defined by SEM.
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NRs doped with 0.125M TSA. This indicated that
the relatively homogeneous rod structures had a
greater thermal stability than the grain structures.

Actuating ability

In the initial study, an actuator consisting of a pure
Nafion membrane was prepared. The actuator visi-
bly showed bending movements when a voltage
was applied between the silver electrodes inserted
into the Nafion membrane, as shown in Table II.
The photographs showed that the actuator bent to
the left, that is, to the side of the membrane layer,
when þ1.0 V was applied to the Nafion membrane
and then bent back to the right when �1.0 V was
applied to the bent actuator.

As shown in Figure 9, the bending angle [eq. (3)]
and curvature [eq. (4)] of the actuator were calcu-
lated as follows:

h ¼ cos�1ðOB

R
Þ (3)

1

R
¼ 2d

d2 þ L2
(4)

where L is the length of the actuator, y is the bend-
ing angle, d is the displacement, and R is the curva-
ture radius.

The bending angles of the left and right bending
movements were 41.4 and 45.6�, their displacements
were 8 and 9 mm, and the curvature values for the
left and right were 0.029 and 0.034, respectively. The
average performance values for the actuators were

43.5� of bending, 8.5 mm of displacement, and 0.032
of curvature. This was attributed to the movement
of ionic clusters: when a voltage was applied, the
ionic clusters in the Nafion membrane moved to a
negatively charged electrode side, and then, the vol-
ume changed inside the Nafion membrane.48

A three-layered membrane actuator was prepared
with highly conductive PANI-NRs synthesized with
APS at a 5.0 mL/min oxidant feeding rate and
doped with 0.125M as an electrical pathway mate-
rial. The performance of the actuator is shown in Ta-
ble III. The actuator’s measurement conditions were

TABLE II
Actuation Performance of the Pure Nafion Membrane Actuator During Actuation in Air

Actuation performance

Average
actuation performance

Applied voltage þ1.0 V �1.0 V 61.0 V
Bending angle 41.4� 45.6� 43.5�

Displacement 8 mm 9 mm 8.5 mm
Displacement per second 0.8 mm/s 1.2 mm/s 1 mm/s

Figure 9 Schematic diagram of the actuating behavior
(L ¼ length of the actuator; y ¼ bending angle; d ¼ dis-
placement; R ¼ curvature radius).
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the same as those of the pure Nafion membrane ac-
tuator. When þ1.0 V was applied, the actuator bent
to the left: its bending angle and displacement were
102.4� and 17 mm, respectively, and its curvature
was 0.083 mm�1. The actuator operated to the right
when �1.0 V was applied to the bent actuator, and
it had a 62.3� bending angle, a displacement of 15
mm, and a curvature value of 0.067. The three-lay-
ered membrane actuator exhibited an average bend-
ing angle of 82.4�, a displacement of 16 mm, and a
curvature of 0.075 mm�1. Therefore, the bending
movement of the three-layered membrane actuator
was better than that of the pure Nafion membrane
actuator. We believe that the PANI-NRs performed
as the primary electric pathway between the silver
electrode and the membrane. The PANI-NRs permit-
ted effective transmission of the applied voltage to
the membrane and, thus, attracted lithium cation
clusters.

CONCLUSIONS

PANI-NRs doped with various TSA concentrations
were prepared by a template-free method. The oxi-
dant feeding rate and TSA concentration affected on
the morphology of the PANI-NRs. When the TSA
concentration was in the range 0.005–0.125M, PANI-
NRs with diameters of 120–180 nm and lengths of
0.6–2 lm were formed. When the feeding rate was
5.0 mL/min, the degree of agglomeration for rod
structures was suppressed. The conductivity of
PANI in the rod structure was higher than that in
the grain structure. The thermal stability of the

PANI-NRs was improved with increasing TSA con-
centration up to 0.125M.
Highly conductive PANI-NRs were formed when

they were synthesized with APS at a 5.0 mL/min
oxidant feeding rate and doped with 0.125M TSA,
and these were applied as actuator membranes. The
Nafion/PANI-NR blends were prepared by solution
blending and casting. The actuator consisting of the
three-layered membrane had a higher angular dis-
tance and displacement than that of the pure Nafion
membrane. It appeared that the PANI-NRs may
have reacted to the conductive pathway between the
metal electrode and membrane when a voltage or
current was applied, which resulted in the efficient
attraction of lithium cation clusters. Consequently,
PANI-NRs may be applied to conductive fillers for
functional polymer blends with high conductivities
and thermal stabilities.
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