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Electrochemical actuator based on single-layer polypyrrole film
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Abstract

Polypyrrole film with porous and compact zones in its vertical direction has been synthesized by direct oxidation of pyrrole in the mixed
solvent of acetonitrile and dichloromethane contained a certain amount of anion surfactant of sodium 1,4-bis(2-ethylhexyl)sulfosuccinate
(AOT). The actuator based on this single-layer film bends uniformly with the maximum bending angle much larger than 90◦ and has a fast
response rate (∼60◦ s−1 at 1.0 V versus SCE) and a long lifetime (>20,000 cycles). The high performance of this actuator is mainly due to
that the PPy film has a high conductivity and the actuator does not have delamination problem.
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. Introduction

In the last few decades, several soft actuators with vol-
me changes of intrinsically conducting polymers (CP) dur-

ng redox processes have been studied extensively[1,2]. This
olume change can be expressed as electrochemomechanical
eformation. Most of the actuators have a bilayer or a trilayer
onfiguration[3–5]. In the bilayer actuators, a single actuat-
ng film is affixed to a second, electromechanically inert layer
e.g., a non-conducting adhesive tape). The trilayer actuators
sually consist of two conducting polymer films attached to
ither sides of a passive film. In these cases, one of the con-
ucting polymer films acted as working electrode and the
ther acted as counter and reference electrodes[4]. The elec-

rochemically inert layer in either bilayer or trilayer actuators
an increase the strength of the layered composite films, while
t reduces the efficiency of these devices because of its weight
ontribution to the devices. Moreover, the physical adhesion
etween the inert layer and the CP layers cannot sustain re-
eated volume alteration at the interface[6,7]. Recently, we
sed high-strength polythiophene film to replace the elec-

trochemically inert layer, and improved the performanc
the actuator[8]. Takashima et al. reported a bi-ionic act
tor (BIA) consisting of only two layers of polypyrrole (PP
films, which was driven by a combination of expansion
one PPy layer and contraction of the other layer during
dox process[9,10]. Furthermore, the response rates of
actuators based on conducting polymer films have bee
proved by integrating a gold layer between the two la
of PPy films[11] or spiral-wound metal wire into the co
ducting polymer tube device that do linear movement[12].
Tada et al. fabricated an actuator by using a polypyrrole s
with vertical anisotropy. The sheet was electrosynthes
in a thin slab vessel consisting poly(tetrafluoride ethyle
(PTFE) films. In this case, the size of the polypyrrole fi
was limited by the size of needle working electrode and
space of the vessel[13]. Recently, Wang et al. fabricat
monolithic polyaniline electrochemical actuators and the
tuators have a long lifetime (>3000 cycles with 45◦ bending
angles at 0.1 Hz)[14,15]. However, the asymmetric poro
polyaniline films were synthesized through multi-step p
cedures. Furthermore, the actuators were operated at
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driving potential (±2 V) in a acid medium (1 mol l HCl)
and could not do uniform bending with a maximum bending
angle of only±90◦. This is mainly due to the polyaniline films
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has a low conductivity (∼0.1 S cm−1). Thus, the fabrication
of single-layer CP actuator with high performance in a neu-
tral medium remains as a challenge. In this paper, we desire
to report a high-performance actuator based on single-layer
anisotropy polypyrrole film.

2. Experimental

2.1. Materials

Pyrrole (Chinese Army Medical Institute) was distilled
under reduced pressure before use. AOT was purchased from
ACROS and used directly. Anhydrous lithium perchlorate
(99%), dichloromethane (99%) and HPLC-grade acetonitrile
with a purity higher than 99.9% (Tianjing Shiyou Biological
and Medical Technology Co., Tianjing, China) were also used
as received.

2.2. Electrosyntheses and examinations

Electrochemical syntheses and examinations were per-
formed at room temperature in a one-compartment cell with
the use of a Model 283 potentiostat–galvanostat (EG&G
Princeton Applied Research) under computer control. The
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olution. The spectra were recorded using a 20× objective
and accumulated for 30 s. The power was always kept very
low (∼0.5 mW) to void destroying the samples. The tensile
strengths of the films were measured by the use of a WD-1
electronic stretching machine (Changchun, China). Thedc
conductivity was measured by conventional four-probe tech-
nique.

3. Results and discussion

3.1. Electrosynthesis and electrochemistry of PPy film

Acetonitrile was found to be a poor solvent for AOT, thus a
certain amount of dichloromethane was added to increase the
solubility of AOT in the electrolyte.Fig. 1shows the succes-
sive cyclic voltammograms (CVs) of 0.3 mol l−1 pyrrole in a
mixed solvent of acetonitrile and dichloromethane (the vol-
ume ratio of acetonitrile to dichloromethane is 5/1) contained
0.05 mol l−1 AOT at a potential scan rate of 40 mV s−1. As
can be seen from this figure, each CV has a couple of broad re-
dox waves of the polymer in the potential range of−1 to 1.0 V
(versus SCE). The strong oxidation current wall appeared at
the potentials higher than ca. 0.8 V led to the formation of a
black film on the working electrode surface.

The electroactivity of an as-grown PPy film (grown
a
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orking and counter electrodes were stainless steel (
04) sheets (2.0 cm× 0.5 cm and 3.0 cm× 2.0 cm, respec

ively) and placed 1.5 cm apart. All potentials were refe
o a saturated calomel electrode (SCE).

PPy films were deposited from the mixed solvent of a
onitrile and dichloromethane (volume ratio = 5/1) contain
.3 mol l−1 pyrrole and 0.05 mol l−1 AOT at a constant pote

ial of 1.1 V (versus SCE). All solutions were de-aerated
ubbling dry nitrogen, and maintained a light nitrogen o
ressure during the experiments. The thickness of the
as controlled by the total charges passed through th
nd measured by the use of a thickness monitor (CH-1
hanghai China).
The movements of the single-layer PPy films (siz

5 mm× 1 mm× 0.025 mm) were investigated in a on
ompartment cell by the use of 1 mol l−1 LiClO4 aqueou
olution as the electrolyte. The working electrode was a
tanding PPy film, the counter electrode was a stainless
AISI 304) sheet and the potential were referred to a satu
alomel electrode (SCE).

.3. Characterizations

The morphology of the films was studied by usin
YKY2800 scanning electron microscope (Beijing Sci

ific Instrument Company, Beijing, China) after sputter
ith a thin layer of gold. Raman spectra were recorded o
M 2000 microscopic confocal Raman spectrometer (R

shaw PLC, England) employing a 633 nm laser beam
charge coupled device detector (CCD) with 4 cm−1 res-
l

t 1.1 V (versus SCE) for 240 mC cm−2) coated on
he working electrode surface and a freestanding
size = 15 mm× 1 mm× 0.025 mm) was studied in th
onomer free 1.0 mol l−1 aqueous solution of LiClO4. As

hown inFig. 2, the cyclic voltammograms of the PPy film
ave a couple of broad oxidation and reduction waves

he films have good electrochemical stability (Fig. 2a and c)
he wave currents have linear relationships with pote
can rates in the range of 20–120 mV s−1, indicating a redo
ouple fixing on the electrode surface (Fig. 2b). Furthermore

ig. 1. Cyclic voltammograms of 0.3 mol l−1 pyrrole in a mixed solven
f acetonitrile and dichloromethane (the volume ratio of acetonitri
ichloromethane is 5/1) containing 0.05 mol l−1 AOT at a potential sca
ate of 40 mV s−1.
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Fig. 2. (a) Cyclic voltammograms of a PPy film grown at 1.1 V (vs. SCE) for 240 mC cm−2 on a stainless steel electrode at various potential scan rates
(20–120 mV s−1) in 1.0 mol l−1 aqueous solution of LiClO4; (b) plots of wave current density vs. potential scan rate forFig. 2a; (c) cyclic voltammogram of a
free-standing PPy film with size of 15 mm× 1 mm× 0.025 mm at a scan rate of 40 mV s−1 in 1.0 mol l−1 aqueous solution of LiClO4.

the films can be cycled repeatedly between the conducting
(oxidized) and insulating (neutral) state without significant
decomposition. The PPy film coated on a metallic electrode
showed a reduction wave at approximately−0.67 V and an
oxidation wave at approximately−0.11 V (Fig. 2a). The po-
tential difference between the oxidation and reduction cur-
rent peaks (�Ep) was as large as 0.56 V (at a scan rate of
40 mV s−1). On the other hand, at the same potential scan
rate, the free-standing PPy film showed a broader oxidation
wave at approximately 0.57 V and a reduction wave at ap-
proximately−1.1 V (Fig. 2c). The�Ep (∼1.7 V) is much
larger than that of the film coated on a metallic electrode
(0.56 V). This is mainly due to that the free-standing film has

much lower conductivity than that of the metallic electrode,
which resulted in larger IR drops.

3.2. Morphology, conductivity and mechanical property
of PPy film

The typical scanning electron micrographs (SEM) of an
as-grown PPy film are shown inFig. 3. It is interesting to
find that the film have different morphologies in its two side
surfaces. The side in contact with the electrolyte was rough
and compact and similar to that of the electrosynthesized PPy
films reported previously (Fig. 3A) [16–18]. The side in con-
tact with the electrode is porous (Fig. 3B) and its morphology

F .025 m in contact
w

ig. 3. SEM images of a PPy film grown at 1.1 V with a thickness of 0
ith the electrode.
m: (A) the surface in contact with the electrolyte and (B) the surface
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Fig. 4. Snapshots of a single-layer PPy film during redox cycle: a transition state of the film reduced at−1.0 V (vs. SCE, A) or oxidized at 0.8 V (B, vs. SCE)
and the final state of the film (C). The film was held as the surface in contact with electrolyte in right.

is quite different from that of the PPy films deposited from
the other systems (usually flat and compact). The sizes of
the pores are ranged from several micrometers to 50�m.
The unique microstructures of the PPy films most possi-
bly result from an emulsion drop template polymerization
process. AOT is a widely used anion surfactant for positive
or inverse emulsions. Acetonitrile has relative higher polar-
ity than that of dichloromethane and it is a poor solvent for
AOT. Thus, the emulsion dichloromethane solution of AOT
was enwrapped by acetonitrile[19]. As a positive potential
was applied, the emulsion drops with negative charges close
to the anode were assembled on the working electrode sur-
face under the function of electric field. Pyrrole dissolved
in acetonitrile was polymerized around the surfaces of the
drops to generate a porous film. Recently, Takashima et al.
also reported that porous polypyrrole films with pore size in
the range of 0.1–1.0�m could be synthesized by oxidation
of pyrrole in the mixed electrolyte of water and ethyl acetate
[20]. In comparison, the PPy films synthesized in our system
have much larger (up to 50�m) and deeper pores, and better
vertically anisotropy structures.

The conductivity of the as-grown PPy film was mea-
sured to be about 15 S cm−1 by using the convenient four-
probe technique. This value is much higher than that of
porous polyaniline films (∼0.1 S cm−1) [14,15]. It has a ten-
sile strength of 36± 5 MPa and an elongation at break of
4 ith
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(∼30◦ s−1 at 1.0 V)[11]. The PPy film was subjected to mul-
tiple potential steps of reduction at−0.8 V and oxidation at
0.8 V at 0.5 Hz (bending angle > 45◦). After 20,000 cycles,
the film still can bend to 90◦ at a potential of 0.8 V. However,
its movement rate was decreased from 40 to 3◦ s−1 (Fig. 5b).
Accordingly, the lifetime of this single-layer PPy actuator is
much higher than those of PPy/Au bending actuators (∼2000
cycles) and the monolithic polyaniline actuators (∼3000 cy-
cles) [14,15,21]. The high performance of this actuator is
mainly due to the PPy film has a high conductivity and can
do uniform bending at a low driving potential and without
delamination problem.

3.4. Mechanism study

The as-grown PPy film is in oxidized state and doped by
AOT anions. When the film was reduced, AOT anions could
not be ejected from the film because of their large sizes. In
order to maintain the overall charge neutrality, the counter
cations (Li+ ions) and water molecules from the electrolyte
were incorporated into the film, and the film swelled[22,23].
The porous zone of the film has smaller amount of the poly-
mer in a given volume and can provide smaller deformation
than that of the compact zone. As a result, the film was bended
to the porous surface direction. Otherwise, when the film was
o irec-
t

F te in
1 : (a)
fi on at
−

.5± 0.5%. These films are shiny and black in color w
ood flexibility and can be folded or mechanically sha

nto desired structures such as fibers, cycles and triang

.3. Bending movements of the single-layer PPy film

The bending movements of the PPy film were s
ed electrochemically in 1.0 mol l−1 LiClO4 aqueous so
ution. As demonstrated inFig. 4, a film with size o
5 mm× 1 mm× 0.025 mm can uniformly bend from the p
ition of 0◦ (vertical) to−90◦ (Fig. 4A, reduction) at−1.0 V
versus SCE) and to +90◦ (Fig. 4B, oxidation) at 0.8 V (ver
us SCE) initially and subsequently the film was curled
everal cycles (Fig. 4C, the bending direction of the film w
eferred to the film surface in contact with the electroly
ndicating the maximum bending angle is much larger
0◦. The actuator can bend to±90◦ at a low driving potentia
f −0.4 or 0.1 V. The movement rate of the PPy film was m
ured to be∼60◦ s−1 at a potential of 1.0 V (Fig. 5a), which
as much higher than those of the single-layer polyan
lm (∼20◦ s−1 at 1.0 V)[14,15] and PPy bi-ionic actuato
xidized, the film was bended to the compact surface d
ion.

ig. 5. Movement rates of single-layer PPy film in freestanding sta
mol l−1 LiClO4 aqueous solution at different galvanostat conditions
rst cycle; (b) after 20,000 cycles of multiple potential steps of reducti
0.8 V and oxidation at 0.8 V at 0.5 Hz.
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Fig. 6. Raman spectra of a PPy film before (a and b) and after (c and d) doing
anodic movement. (a and c) The surface in contact with the electrolyte; (b
and d) the surface in contact with the electrode.

Fig. 6illustrates the Raman spectra of a PPy film recorded
before and after doing anodic (oxidation) bending motion in
the aqueous solution of LiClO4. As can be seen from this
figure, the Raman spectra of the two surfaces of the as-grown
film have similar spectral features (Fig. 6a and b). The strong
band located at approximately 1580 cm−1 represents the CC
backbone stretching of PPy. The double peaks at about 1050
and 1080 cm−1 are assigned to the CH in plane deforma-
tion [24]. The other double peaks at approximately 1320 and
1370 cm−1 are attributed to the ring-stretching mode of PPy
[25]. The bands located at about 940 and 990 cm−1 are as-
signed to the ring deformation associated with dication (bipo-
laron) and radical cation (polaron), respectively. The bands at
1080 and 1370 cm−1, belonged to the CH in-plane and the
ring stretching, respectively, which are assigned to the oxi-
dized species of PPy according to the literatures[26,27]. The
conductivity of the PPy is strongly related to Raman peak in-
tensity of oxidized PPy. As shown inFig. 6a and b, the band
related to the oxidize species at approximately 1080 cm−1 is
stronger than the band associated with the neutral species a
1050 cm−1. However, after doing the anodic bending motion,
the Raman spectra of the two surfaces of the PPy film are dif-
ferent (Fig. 6c and d). The spectrum recorded on the surface
in contact with electrolyte (the compact side) has spectral
features of highly oxidized PPy film (Fig. 6c). Furthermore,
in comparison with those in the spectra ofFig. 6a and b the
1 her
h t with
e r
t g
l of the
fi ide.
T of the
fi ma-
t dox
p

4. Conclusions

In conclusion, polypyrrole film with porous and compact
zones in its vertical direction can be synthesized by direct
oxidation of pyrrole in the mixed solvent of acetonitrile and
dichloromethane containing a certain amount of anion surfac-
tant of AOT. The emulsion drops assembled on the working
electrode surfaces acted as the templates for the formation
of the micro-pores. Single-layer porous PPy film possesses
bending motion ability based on its vertical anisotropy struc-
ture. The actuator bends uniformly at a low driving potential
and has a fast response rate and a long lifetime.
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