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Conducting polymer electrochemical actuator made of high-strength
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Abstract

Tri-layer conducting polymer composite films of polypyrrole/polythiophene/polypyrrole have been electrochemically synthesized by
successive oxidation of pyrrole in aqueous solutions and thiophene in boron trifluoride diethyl ether (BFEE) solution, respectively. One of
the polypyrrole layers was doped by a small anion of perchlorate (PPy (ClO4)) and the other one was doped by a large anion, dodecylbenzene
sulfonate (PPy (DBS)). The tri-layer film was deformed by electrochemical reduction and oxidation of polypyrrole layers. The polythiophene
(PTh) layer provided a high strength conductive polymeric support for the actuator. A 0.4 mg composite film can reversibly raise a 10 mg
material (e.g. a copper wire) from the position of 0◦ to the position of∼±90◦ at ±1. 0 V (versus saturated calomel electrode (SCE)),
respectively, while the bi-ionic film of PPy (ClO4)/PPy (DBS) with the same weight can raise the 10 mg copper wire to only a position of
∼±25◦. The movement rate of the tri-layer film was also higher than that of the bi-ionic polypyrrole film.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the last decades, several soft actuators with the change
in volume of intrinsically conducting polymers during re-
dox process have been studied extensively[1,2]. This vol-
ume change can be expressed as electrochemomechanical
deformation.

Most of the actuators have a bilayer or a tri-layer config-
uration[3–5]. In unimorph bilayers, a single actuating film
is affixed to a second, electromechanically inert layer. Bi-
morgh actuators use two conjugated polymer films attached
to either side of a passive film, such as an adhesive tape. In
these configurations, the electrochemically inert layer can in-
crease the strength, however, also provides extra weight and
volume of the actuator. Recently, Takashima and coworkers
[6,7] reported a bi-ionic actuator (BIA) consists of only two
layers of polypyrrole films, which is driven by cooperative
bending associated with the anion driven (anodic expan-
sion) and the cation driven (anodic contraction). Although
the bending actuation of the actuator has been enhanced
because of bi-ionic contributions, the mechanical strength
of the conducting polymer films was relatively weak.
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Furthermore, during the redox process, the ions and sol-
vent molecules were inserted and de-inserted into the film
repeatedly and changed the morphology of the film of a
compact film into a porous one. As a result, the mechanical
strength of the actuator decreased dramatically.

In this paper, we report an actuator consists of three lay-
ers of conducting polymer films with a configuration of PPy
(DBS)/PTh/PPy (ClO4). The two layers of polypyrrole act
as bi-ionic driving layers for actuation. The polythiophene
(PTh) layer is electrically conductive and acts as a current
collector. Furthermore, the polythiophene layer was elec-
trochemically synthesized by direct oxidation of thiophene
in boron trifluoride diethyl etherate (BFEE) solution, and it
had an excellent high tensile strength (∼130 MPa) and good
flexibility [8]. Thus, the polythiophene layer provided the
actuator with an excellent mechanical support.

2. Experimental

Electrochemical syntheses and examinations were per-
formed in a one-compartment cell with the use of a
Model 283 potentiostat-galvanostat (EG&G Princeton Ap-
plied Research) under computer control. The working and
counter electrodes were stainless steel (AISI 304) sheets
(1.0 cm × 3.0 cm and 2.0 cm × 3.0 cm, respectively) and
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placed 1.5 cm apart. All potentials were referred to a
saturated calomel electrode (SCE). Raman spectra were
recorded on a RM 2000 microscopic confocal Raman
spectrometer (Renishaw Company) with an excitation of
632.8 nm laser light at 0.5 mW, and were accumulated three
times for 30 s each. The spectra were recorded with a charge
coupled device (CCD) camera. The composite membrane
was cut vertically into two pieces and the laser light spot
was focused on the newly formed cross-section.

PPy films were deposited from the aqueous solution of
pyrrole at a constant current density of 2 mA cm−2 and the
PTh films were electrochemically synthesized by direct ox-
idation of thiophene in freshly distilled BFEE at a con-
stant potential of 1.3 V (versus SCE). All solutions were
de-aerated by bubbling dry nitrogen, and maintained at a
light overpressure during the experiments. The procedure
for preparation of the tri-layer composite films used for ac-
tuations as follows. First, 2.0 C cm−2 PPy (DBS) layer elec-
trodeposited from the aqueous solution containing 0.1 M
freshly distilled pyrrole monomer and 0.1 M dodecylben-
zene sulfonate soldium (DBS) at pH 3–4 (adjust by 0.1 M
dodecylbenzene sulfonic acid). Secondly, after drying in air
for 24 h, 3.5 C cm−2 PTh layer was deposited on the PPy
(DBS) layer surface from the BFEE solution containing
30 mM thiophene. Lastly, 2.1 C cm−2 PPy (ClO4) layer was
deposited on the PTh layer surface from the aqueous solu-
tion containing 0.1 M freshly distilled pyrrole monomer and
0.1 M LiClO4 at pH 3–4 (adjust by 0.1 M HClO4 solution).
The bi-ionic PPy film PPy (DBS)/PPy (ClO4) was also pre-
pared in the corresponding aqueous media described above
for comparison to the tri-layer composite film.

The movements of the bilayer or tri-layer composite films
were investigated in a one-compartment cell by the use of
1 M LiClO4 aqueous solution as the electrolyte. The work-
ing electrode was the polymeric film, counter electrode was
a stainless steel (AISI 304) sheet and the potentials were
referred to a saturated calomel electrode.

3. Results and discussion

The structure of a PPy (DBS)/PTh/PPy (ClO4) tri-layer
composite film and its bending movements during redox
process in electrolyte solution are illustrated inFig. 1.
During reduction of the PPy (ClO4−) film, electrons are
injected into the chains and positive charges in the polymer
chains are compensated. In order to maintain overall charge
neutrality, counterions are expelled towards the solution,
and the film shrinks. In contrast, during oxidation of the
film, the electrons are extracted from polymeric chains,
positive charges are stored along the chains. In order to
maintain the electron neutrality inside the film, counter an-
ions and water molecules from the solution are incorporated
into the film, and the film swells[9–11]. Otherwise, the
PPy film doped with large anions (immobile counterions,
e.g. DBS) showed an opposite electrochemomechanical

Fig. 1. Electrochemical equipment, electrical contact and the structure of
the composite film of PPy (DBS)/PTh/PPy (ClO4) and its movements
during redox process.

behavior[12,13]. Thus, during reduction of the composite
film, the film bends to the direction of the PPy film doped
with small anions, and during oxidation, the film bends to
the direction of the PPy doped with immobile large anions.

The 632.8 nm excited Raman spectra of the cross-section
of an as-formed PPy (DBS)/PTh/PPy (ClO4) composite
film is illustrated inFig. 2. These spectra showed a weak
‘fluorescence’ background and high signal-to-noise (S/N)
ratios, while the film was black in color. We set one edge
of the cross-section of the composite film as the start
point, and Raman spectra were recorded by focusing the
laser spot (1�m in diameter) at certain distances along the
cross-section of composite film. In agreement with previous
reports [14–16], the assignments of the Raman bands of
PPy and PTh are listed inTable 1. Here, the intensity of
the 1452 cm−1 band, which is attributed to C=C symmet-
ric stretching, can be regarded as a measurement of PTh
content, and that of the band at ca. 1586 cm−1 as a mea-
surement of PPy content in the film. As shown inFig. 2,
the 1452 cm−1 band emerged in the spectra recorded at the
points more than 8�m from the edge of PPy (DBS) layer,
while the 1586 cm−1 band decreased gradually and finally
disappeared as the laser spot moved for 14�m along the
cross-section. The 1586 cm−1 band emerged again when the
laser spot moved to the position of 32�m, while 1452 cm−1

band became weaker and weaker gradually and finally dis-
appeared as the laser spot move to the position of 38�m.
The spectroscopic phenomena described above imply that
the composite film cannot be simply divided into two PPy
parts and a PTh part. It has four composition zones: zone
of pure PPy (DBS) (∼8�m), an overlap zone of both PPy
(DBS) and PTh (∼6�m), a zone of pure PTh (∼17�m),
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Fig. 2. Raman spectra of the cross-section of an as-grown tri-layer composite film of PPy (DBS)/PTh/PPy (ClO4).

Table 1
The band assignments (cm−1) of the Raman spectra of the tri-layer film of PPy (DBS)/PTh/PPy (ClO4)

Assignment PPy band (cm−1) Assignment PTh band (cm−1)

C=C ring stretching 1586 C=C ring stretching 1452
Skeletal band 1485 C–C inter-ring stretching 1368
C–N stretching 1375, 1330 C–C stretching 1217
C–H in-plane bending 1242 Kinks 1179
C–H in-plane bending associated with dication 1084 Kinks 1155
C–H in-plane bending associated radical cation 1046 C–H bending 1046
Ring deformation associated with radical cation 969 Ring deformation C–S–C 699
Ring deformation associated with dication 930 Kinks 678

Kinks 646

another overlap zone of Pth and PPy (ClO4) (∼6�m) and
the zone of pure PPy (ClO4) (∼6�m).

Fig. 3 shows the typical cyclic voltammograms (CV) of
PPy (ClO4), PPy (DBS), bi-ionic film of PPy (DBS)/PPy
(ClO4) and tri-layer composite film of PPy (DBS)/PTh/PPy
(ClO4). The films were electrochemically active, and each
demonstrated a couple of oxidation and reduction waves. It
can be seen clearly from this figure that the PPy (ClO4) film
showed ap-doping (oxidation) wave at ca. 0.17 V and a de-
doping (reduction) wave at ca.−0.26 V (Fig. 3a). The po-
tential difference between the oxidation and reduction cur-
rent peaks (�Ep) is relatively small (∼0.43 V), indicating
the redox process is relatively reversible. On the other hand,
the PPy (DBS) film showed ann-doping (reduction) wave at
ca.−0.88 V and a dedoping (oxidation) wave at ca.+0.25 V
(Fig. 3b). The �Ep of the process was as large as 1.13 V.
However, the PPy (DBS)/PPy (ClO4) bi-ionic film shows
only a broad reduction wave at−0.48 V and an oxidation
wave at+0.51 V (Fig. 3c). This is possibly due to the overlap
of the redox waves and the increase of iR drops of the film
because of the film thickness increase. The tri-layer com-
posite film PPy (DBS)/PTh/PPy (ClO4) (Fig. 3d) showed a

Fig. 3. Cyclic voltammograms of the PPy films, bi-ionic PPy film and
tri-layer composite film in 1 M LiClO4 electrolyte solution at a potential
scan rate of 20 mV s−1: (a) PPy (ClO4), (b) PPy (DBS), (c) PPy (DBS)/PPy
(ClO4), (d) PPy (DBS)/PTh/PPy (ClO4).
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Fig. 4. Photographs of bending motion of PPy (DBS)/PTh/PPy (ClO4) tri-layer actuator which is held as PPy (DBS) layer in right: (a) free state; (b) a
10 mg or (c) a 25 mg copper wire attached to the free end of the composite film; left photographs are at negative potentials and right photograph are at
positive potentials.

similar CV diagram to that of the bi-ionic PPy film (Fig. 3c),
implied the PTh layer nearly had no contribution to the re-
dox reactions.

The bending motions of bi-ionic film PPy (DBS)/PPy
(ClO4) and tri-layer composite film PPy (DBS)/PTh/
PPy (ClO4) were investigated electrochemically in 1 M

Fig. 5. Photograph of bending motion of PPy (DBS)/PPy (ClO4) bi-ionic actuator which is held as PPy (DBS) layer in right: (a) free state; (b) a 10 mg
copper wire attached to the free end of the bi-ionic film; left photographs are at negative potential and right photograph are at positive potential.

LiClO4 aqueous solution. Both the bi-ionic PPy film
and tri-layer composite films in free states exhibited a
large bending motion at the potential of−0.7 or 0.7 V.
In these cases, the free ends of the films traced over
180◦ in a single potential cycle as shown inFigs. 4a
and 5a.
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Fig. 6. The movement rates of the tri-layer composite film and bi-ionic polypyrrole film in free state measured in 1 M LiClO4 aqueous solution at
different galvanostatic condition. (a), (b) for tri-layer film and (c), (d) for tri-layer film and bi-ionic film during oxidation process. The potential and
movement directions were ignored.

The loading capacity of bi-ionic PPy film and tri-layer
composite film were also investigated in 1 M LiClO4 aque-
ous solution (Figs. 4b, c and 5b). A tri-layer composite
film of PPy (DBS)/PTh/PPy (ClO4) with a weight of 0.4
mg, and a size of 10 mm× 1 mm× 0.04 mm can reversibly
raise a 10 mg material (copper wire) from position of 0◦
(vertical position) to the position of∼±90◦ (Fig. 4b), and
raise a 25 mg material from position of 0◦ to the position
of ∼±30◦ (Fig. 4c) when it was oxidized and reduced at
potential 1.0 and−1.0 V, respectively. However, a bi-ionic
PPy film with a weight of 0.4 mg, and a size of 10 mm×
1 mm× 0.05 mm cannot raise a 25 mg material. It can only
reversibly raise a 10 mg material from the position of 0◦ to
∼±25◦ when the film was oxidized and reduced at potential
1.0 or−1.0 V (Fig. 5b), respectively. These results demon-
strated that the PTh layer in the composite tri-layer film en-
hanced the strength of the composite film and the loading
capacity of the composite film.

The movement properties of the tri-layer composite film
either in free or in loading state and the bi-ionic film in
free state were also investigated according to a previously
reported method[17,18]. The angular movement of the free
end of the film was referred to the vertical position as 0◦.
The movement rate (rad s−1), the consumed electrical energy
(mJ) and consumed electrical charge (mC) of actuation can
be defined as follows:

Movement rate= Angle

Time

Consumed electrical energy=
∫

(IV) dt

Consumed electrical charge=
∫

I dt

From Fig. 6, we can see that the movement rates of the
tri-layer film in free state increase linearly with the increase

of applied potential during redox processes, and the move-
ment rates during reduction process is higher than that dur-
ing oxidation process (Fig. 6a and b). Furthermore, at a given
driving potential or a driving current, the movement rates of
tri-layer composite film in free state are higher than those
of bi-ionic polypyrrole film (Fig. 6c and d). However, the
consumed electrical charges to reach a constant angle (90◦)
remain constant for both the tri-layer film and bi-ionic film,
independent of the value of driving current (Fig. 7).

The movement rate for the tri-layer composite film under
loading increased linearly with the increase of driving po-
tential or current, while decrease with the increase of load-
ing weight as shown inFig. 8. Furthermore, the energy con-
sumed per degree angle increased with the increase of load-
ing weight, and also increased linearly with the increase of
driving potential and current as shown inFig. 8c and d, re-
spectively.

Fig. 7. Plots of the consumed charges vs. the applied electrical current
for bi-ionic and tri-layer film during oxidation process.
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Fig. 8. Plots of the movement rates and consumed energy per degree of the tri-layer film with different loads to its free end vs. driving potential or current.

4. Conclusions

The tri-layer composite film of PPy (DBS)/PTh/PPy
(ClO4) and bi-ionic PPy film of PPy (DBS)/PPy (ClO4)
have been electrochemically synthesized by successive ox-
idation of pyrrole in aqueous solutions and thiophene in
BFEE solution. The loading capacity of the tri-layer film
was tested to be much higher than that of the bi-ionic film,
mainly due to the polythiophene layer provided a strong
mechanical support for the actuator and also enhanced its
loading capacity. Furthermore, at a given driving condition,
the movement rate of the tri-layer composite film is faster
than that of the bi-ionic polypyrrole film. The energy con-
sumed per degree for bending actuation increases linearly
with the increase of loading weight, driving potential or
current. The simple structure and easy electrosynthesis pro-
cess of tri-layer composite conducting polymer film may be
very promising for fabrication of the actuator with excellent
high strength and loading capacity.
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